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Within the United Kingdom (UK), it is proposed that nuclear waste will be disposed of in a 
geological facility, utilising an engineered barrier system that will be optimised to physically and 
chemically impede the transport of radionuclides to the biosphere. Understanding glass 
dissolution in environmental conditions designed to mimic geological disposal is paramount to 
the safety case of the UK’s radioactive waste disposal programme. 
Interaction of groundwater with the cementitious components of the facility will lead to the 
presence of high pH conditions within a disposal facility. The effect of such cement leachates on 
the durability of vitrified wasteforms is not well understood. The following body of work aims to 
address the concerns of nuclear waste glass in contact with cementitious materials. Here we 
present results from glass durability studies using simulated cement leachates and equilibrated 
cement water to elucidate the mechanisms that govern glass corrosion under these complex 
geochemical conditions. The normalised mass loss and normalised leaching rate as a function of 
cement leachate composition was determined by effluent solution analysis. Additionally, we 
present characterisation results collected on alteration layers by conducting x-ray diffraction and 
electron microscopy measurements on glass powders and monolith samples. Collectively, these 
data provide new insights into the mechanisms that govern glass dissolution in the complex 
geochemical conditions expected for vitrified UK waste if water breaches the engineered barrier 
system in a geological disposal facility. 
The work demonstrated in this thesis indicates that glass dissolution is less severe in cementitious 
leachates compared to pure water and young synthetic cement waters are more corrosive than 
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Chapter 1. Introduction 
Geological disposal is a solution proposed by the UK Government for the long term management 
of higher activity radioactive wastes. The key principle is to isolate the waste from the surface 
environment to allow the radioactivity to safely reduce naturally to background levels without 
intrusion from future populations. This will be achieved by surrounding the waste with a number 
of engineered and natural barriers to restrict the transport of radionuclides to the biosphere1. It is 
internationally recognised that a geological disposal facility (GDF) is the safest solution for 
permanent disposal, many countries including Belgium, France, Sweden, Finland and the USA 
are implementing such a strategy2.  
Within the UK, it is envisaged that such a facility will be built at depths between 200 m to 1 km; 
the facility is expected to house high level waste (HLW) and intermediate level waste (ILW) in 
two distinct regions of the disposal facility. Each region will be made up of vaults and galleries 
to allow emplacement of waste containers. In the 2016 UK radioactive waste inventory3, it was 
stated that 1500 m3 of HLW was packaged or due to be packaged; much of this waste has been 
vitrified. The volume of ILW is significantly more, currently at 99,000 m3 but increasing to an 
estimated 191,000 m3 by 2125.  There are many ILW waste streams that require different 
processing techniques to condition the waste into a safe wasteform that meets the industrial 
standards, these include; encapsulation in cement in stainless steel or concrete containers, wastes 
immobilised in polymer in a mild steel container which will later require an over pack, in addition 
to vacuum drying methods. The 2016 inventory does not contain vitrified ILW, however, several 
organisations have identified vitrification of ILW as a viable alternative to the methods listed 
above4 and there have been several full scale ILW melt trials in the UK in collaboration with 
Veolia (formally Kurion) using the GeoMelt® system. 
1The safety case for the geological disposal of nuclear waste is dependent on the behaviour of 
multiple engineered barriers. The wasteform is the first barrier to radionuclide release (last to 
groundwater access), followed by the waste container. Once the waste packages are placed inside 
the designated vaults within a GDF, they will be backfilled. It is likely that different backfill 
                                                     
1 The reader is directed to NDA report no. DSSC/402/016 for further information on the illustrative 




materials will be used in the HLW and ILW regions of the disposal facility; the HLW deposition 
tunnels will be backfilled with a clay material similar to bentonite. A specially formulated cement 
called Nirex Reference Vault Backfill was proposed in the 1990’s as a backfill5 for cementitious 
waste packages in the ILW vaults in a hardrock (e.g. granite) GDF.   
It is essential to demonstrate that the multiple barriers can provide the necessary long-term safety1 
before a GDF can be operated. The research presented in this thesis provides underpinning 
scientific understanding of the mechanisms that control glass dissolution in an evolving geo-
disposal environment and quantifies the rates of dissolution, that may be used as input to so-called 
source-term models. 
The thesis is structured as follows: 
Chapter 2 is a review of the relevant literature on glass dissolution in high pH solutions with a 
focus on cementitious leachates. It is evident that there are gaps in the literature regarding 
complex high pH solutions, hence the desire to conduct the experiments outlined in 
Chapters 4 to 7. The experimental methods for all of the results chapters are outlined in Chapter 3; 
the reader is directed to the pull-out page in Appendix II, which tabulates the compositions of the 
glasses and solutions used in the research in an easy-access format. 
Synthetic cement waters representative of an aging Portland cement were utilised in Chapter 4 
which outlines the results from dissolution tests on HLW and ILW glasses over a three month 
period. Chapter 5 investigates the impact of synthetic young cement water with added Ca on the 
International Simple Glass (ISG), a 6-component reference glass widely investigated by other 
researchers in glass dissolution. This chapter has been published in the Nature Materials 
Degradation journal and has been a collaborative study with the Belgian nuclear waste research 
organisation, SCK.CEN, and the Oak Ridge National Laboratory, where the author visited on a 
three-month placement. Chapter 6 considers the implications of an evolving geochemical 
environment on glass dissolution behaviour, and details the results of experiments were the 
solution was replaced with synthetic cement waters or ground water mimicking an aging leachate.  
The final results chapter (Chapter 7) addresses the requirement for understanding how potential 
engineered barrier cement materials, namely NRVB and BFS:PC, will interact with glass 
wasteforms (MW, LBS and ISG glasses). These hardened cement pastes were dissolved in water 
to generate cement equilibrated waters used as leachates for the dissolution experiments.  
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Chapter 8 details a final discussion, which compares synthetic cement waters to the cement 
equilibrated water. It also highlights the implications of this work for the developing safety case 
for nuclear waste disposal in a cementitious geological disposal facility.  
Finally, Appendix I. provides information on a natural analogue study at the Peak Dale Cave in 
Buxton, conducted in collaboration with the British Geological Survey. It contains two peer 








Chapter 2. Corrosion of Nuclear Waste Glass in High pH, alkali 
and alkali-earth solutions: A Review 
2.1. Introduction 
This Chapter summarises the existing literature relating to glass dissolution in high pH, alkali 
and alkali-earth solutions, with the aim of facilitating the understanding and critical analysis of 
this PhD thesis.  
In recent years the implications for glass dissolution in high pH, cement-rich environments have 
been considered; the majority of research in this field is being conducted in the UK, Belgium and 
France. Within the UK, one of the possible scenarios for the disposal of waste in a hard rock 
geology (e.g. granite) includes the co-disposal of HLW and ILW within a single GDF1 (Figure 
2.1); a large proportion of the existing ILW inventory comprises cemented wasteforms. When 
emplaced within a hard-rock disposal concept, the ILW vaults will be backfilled using a 
specialised high pH cement grout known as the Nirex Reference Vault Backfill (NRVB), which 
has been specially formulated to promote chemical retardation of radionuclide species (in addition 
to some other key functions; the reader is directed to a recent review by Vasconcelos et al.7 for 
further information). In recent years, much attention has been focused on alternative 
immobilisation strategies for ILW8; the application of thermal treatment using vitrification 
technologies, such as Geomelt®, is currently undergoing ‘cold’ testing with simulant nuclear 
wastes and it is anticipated that the resulting vitrified product, which has a radiogenic heat output 
similar to cementitious ILW, will be co-disposed with cement. Safety assessments are being 
conducted to determine the compatibility of vitrified ILW with a cementitious disposal 
environment. Additionally, since vitrified HLW will be co-disposed within the same facility, 
albeit not in the same vaults, the proximity of a large volume of cementitious materials may result 
in the generation of a high-pH, alkaline plume that may contact the HLW glass, should it be 





Figure 2.1 UK generic geological disposal concept for nuclear waste in high-strength crystalline rock, including 
separate but co-located disposal concepts for ILW and HLW/spent nuclear fuel. Adapted from Corkhill et al.9 
The Belgian disposal concept for spent nuclear fuel and vitrified HLW, in the Boom Clay 
formation near Mol, is known as the Supercontainer design10. The design utilises a watertight 
carbon steel overpack, which houses two waste canisters11. This is surrounded by a protective 
(~70 cm thick) Portland cement buffer with limestone aggregates to generate a highly alkaline 
environment to inhibit the corrosion of the carbon steel overpack through passivation of the 
carbon steel surface. The buffer is encased with a 309 grade stainless steel12 envelope a few 
millimeters thick. Following emplacement within the horizontal galleries in the Boom clay, any 
remaining voids will be backfilled with a cement based material (Figure 2.2). 
Figure 2.2 Taken from Geet et al13. Schematic view of the Supercontainer design, and the current reference layout 
of a geological repository in plastic clay like the Boom clay. 
The main drivers for selecting the Supercontainer design are long term safety and operational 
handling. First, the engineered buffer around the overpack will have predictable chemical 
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conditions and will ensure the corrosion rate is slow due to the formation of a passive oxidation 
layer that is expected to form on the surface of the overpack under high pH conditions, aiding 
both the containment and chemical retardation of radionuclide release from the waste14. Second, 
the thick concrete buffer layer provides permanent shielding, protecting the workforce and 
eliminating the need for remote handling13.  
Most other disposal concepts avoid direct contact of the clay and cementitious material, however, 
due to the limited strength of the Boom clay, concrete liners are required in the galleries15. Glass 
wasteforms will not be in contact with cementitious pore water during the thermal phase, although 
the overpack will eventually fail and high pH cementitious pore water will initiate the dissolution 
of the glass and radionuclide migration into the buffer14. 
 
The major component of most cement formulations utilised in the immobilisation or disposal of 
nuclear waste is Portland cement, which is composed of Ca-silicates (Ca3SiO5 and Ca2SiO4), 
Ca-aluminate (Ca3Al2O6) and Ca-ferrite (Ca4(AlxFe1-x)4O10), in addition to other minerals such as 
Ca-sulphates (gypsum, anhydrite and/or hemihydrate), calcite (CaCO3), Ca-oxide (CaO), 
Mg-hydroxide (Mg(OH)2), and Na and K-sulphates16. When Portland cement comes in contact 
with water, for example groundwater within a geological disposal facility, K and Na hydroxides 
are the first elements to leach, resulting in a solution with a very high pH > 13. Hydration products, 
including C-S-H (CaO-SiO2-H2O), portlandite (Ca(OH)2), ettringite (Ca6Al2(SO4)3(OH)12.6H2O), 
calcium monosulphoaluminate (Ca4Al2O6(SO4)·12H2O)  or calcium monocarboaluminate 
(3CaO·Al2O3·CaCO3·xH2O (x =8 or 11)) form. With continual replenishment of groundwater, 
and ongoing dissolution of these phases, Ca(OH)2 will slowly dissolve (buffering the pH of the 
pore water to ~pH 12). Once the Ca has been depleted from portlandite, C-S-H phases will begin 
to dissolve, buffering the pH of the pore water to values in the range of ~ pH 10 to pH 1117 as 








While the mechanisms of glass dissolution at near neutral pH have been extensively described by 
several authors (e.g. Grambow19, Frugier20, Gin21,22, Mercado-Depierre23 and Geisler24,25), the 
dissolution of glass in high pH, alkali- or alkali earth-rich solutions are less well understood.  An 
increase in the solubility of elements like Si, Al and Zr in the glass network occurs at high pH, 
and the precipitation of minerals, like calcium silicate hydrates (C-S-H), calcium aluminium 
silicate hydrates (C-A-S-H), zeolites, clays and layered double hydroxides occurs; some of these 
phases are normally not observed at near neutral pH14. For these reasons, high pH conditions are 
reported to have a significant influence on the mechanisms and kinetics of each of the dissolution 
rate regimes (described in detail below). However, the specific role of high pH and alkali / alkali 
earth content of the leachate medium in the dissolution of borosilicate glass remains poorly 
constrained; this should be resolved so that models of glass performance in cementitous 
conditions can be developed. 
 
To this end, a number of studies have attempted to investigate the effect of solution chemistry at 
high pH on the dissolution of nuclear waste glasses. A major focus has been the effect of high pH 
alkali or alkali earth solutions on dissolution mechanisms and kinetics, utilising KOH, NaOH or 
Ca(OH)2 solutions as a simplified version of cement pore waters (described in detail in Section 2.3 
of this Chapter). These solutions have been shown to drastically influence dissolution rates and 
the morphology and composition of alteration layers when compared to dissolution in pure water, 
due to both pH and the chemical reactivity of Na, K and Ca with silicate in solution or at the glass 
surface. A review of the current knowledge pertaining to how these factors influence glass 




2.2. Influence of high-pH alkaline solutions on the initial rate 
It has been well documented that high pH solutions can result in increased dissolution rates26. 
This is a result of the increased solubility of silica above pH 9 which drives dissolution of the 
glass27 (Figure 2.4). Above this pH value, dissociation of H4SiO4 into H3SiO4- and H2SiO42- 
occurs, promoting the glass dissolution by silica network hydrolysis14,27,28. Conversely, below 
pH 9, diffusion or ion exchange is the prevalent dissolution mechanism of glass.  
 
Figure 2.429 highlights the greater solubility of amorphous silica (v-SiO2) over crystalline silica 
(quartz) at high pH27. This is important to note because the majority of silica present in glass 
wasteforms is amorphous and in high pH solution there is a greater abundance of hydroxyl ions 
that attack Si-O bonds, leaving hydrolysed ≡Si-OH groups30. Elements from a cementitious pore 
water are likely to react with dissolved glass species, in particular silicon27, and cations like Na, 
K and Ca (amongst others) act to charge balance the repulsive silicates31. With time, amorphous 
species will slowly crystallise into more stable phases32, as discussed in (Section 2.3).  
 
Figure 2.4 Adapted from Paul 1990; change in solubility of silica with pH at 25 oC  
 
 
Glass dissolved in highly alkaline solutions follows all of the regimes used to describe the 
dissolution of glass33, beginning with a linear initial rate followed by a rate drop and a residual 
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regime. However, in high pH solutions the forward rate is accelerated, and the rate drop is often 
observed sooner27 due to the increase in silica solubility above pH 9. 
Transition state theory (TST) typically models the kinetics of glass dissolution28 in under saturated 
conditions (i.e. in the initial rate). It has been used for waste glasses by Grambow et al.34, the 
TST-based rate law has since been modified to account for the intrinsic rate constant being 
independent of pH as shown in Equation 1, where r is the rate of dissolution, mol/(m2 s-1), ki is the 
intrinsic rate constant, mol m-2 s-1, a is the activity of H+, H2O, or OH- (unit less), 𝜂H+ is the 
coefficient for hydronium ions and 𝜂OH− the OH
-,  E is the activation energy associated with the 
acid, water, or hydroxide activated reactions, kJ mol-1; R is the gas constant, kJ mol-1 K-1 and T is 
the temperature, Kelvin35. The Single Pass Flow Through (SPFT) methodology is the most 
commonly applied to ascertain the forward (or initial) dissolution rate, which can be achieved 
when the solution flow rate is high enough to avoid the accumulation of soluble species in 
solution.  
𝑟 =  𝑘𝑖 [𝑎H+
𝜂H+ + 𝑎OH−





To predict the corrosion behaviour of nuclear waste glass in a disposal environment it is necessary 
to accumulate dissolution rate data and determine rate model parameters and uncertainties36. 
While the initial dissolution rates can be used to extrapolate the glass wasteform lifetime in a 
disposal facility, there is uncertainty associated with how the repository environment, and 
specifically the chemistry of the over pack and backfill materials37, influences such rates.  
 
Generally, the forward rate of glass dissolution increases with an increase in pH from 
approximately pH 7 to 13 as reported by the authors listed in Table 2.1. Data shown by 
Cassingham et al.28 indicated a 5 fold increase in the forward rate of MT-25 glass when the 
leachate pH was increased from 8 to12. Inagaki et al.38 observed a ~10 fold increase in the forward 
rate of the International Simple Glass (ISG) after the pH rose from 8 to10, while Neeway et al.36 
observed the dissolution rate of the same glass to be 23 times faster at pH 12 compared to pH 9 
(it was 30 times faster for SON68 at the same pH values). Elia et al.39 noted that the forward rate 
of ISG was lower than SON68 in artificial cement waters at pH 13.5, suggesting that Ca had a 
positive effect in reducing the rate in alkaline solutions.  In their study of the dissolution of SON68 
in a clay equilibrated ground water, which imposed a higher pH than de-ionised water, Jollivet et 
al.40 found that an increase in the forward rate was not due to the pH, but rather the high ionic 
strength of the clay ground water. The latter investigation is the only SPFT study in the literature 
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that attempts to understand the effects of Na, K, Mg and Ca in solution on the forward rate; it was 
found that reduced dissolution rates were concurrent with the removal of Mg, Ca and SO4 from 
the clay ground water.  
Table 2.1 Summary of forward rates, obtained from the literature, derived from SPFT experiments conducted in 
high pH solutions. The studies listed here kept the chemical affinity term Q/k near zero so that the inherent 
forward rate of dissolution was sustained. 
 Author Glass  pH Temp, oC Rate, g m-2 d-1 Solution  
Cassingham28 MT-25 8 40 RB 0.051 ± 0.015 THAM +HNO3 
  10 40 RB 0.106 ± 0.032 THAM +HNO3 
    12 40 RB 2.55 ± 0.651 LiOH+ LiCl 
Abraitis41 MW 10 40 RB 0.139 ± 0.034 KOH+KCl + x 
Inagaki38 ISG 5.6 50 Rsi 0.027 ± 0.002 KCl 
  8 50 RSi 0.041 ± 0.003 KCl 
    10 50 RSi 0.378 ± 0.030 KCl 
Elia39 ISG 11.5 30 RSi 0.068 ± 0.018 KOH 
  13 30 RSi 0.112 ± 0.040 KOH 
  14 30 RSi 0.204 ± 0.126 KOH 
  13.5 30 RSi 0.041 ± 0.030 YCWCa 
Neeway36 ISG 9 40 RB 0.017  TRIS +LiCl 
  10 40 RB 0.087 TRIS +LiCl 
  11 40 RB 0.100 TRIS +LiCl 
  12 40 RB 0.389 TRIS +LiCl 
Neeway36 SON68 9 40 RB 0.021 TRIS +LiCl 
  10 40 RB 0.019 TRIS +LiCl 
  11 40 RB 0.183 TRIS +LiCl 
  12 40 RB 0.651 TRIS +LiCl 
 Elia39 SON68 13.5 30 RSi 0.424 ± 0.246 YCWCa 
Jollivet40 SON68 6 50 RSi 0.017  DW 
    7 50 RSi 0.093  Clay GW 
x = additional chemicals were added to the buffer  
DW = de-ionised water, GW = ground water, YCWCa = young concrete water+ Ca  
 
2.3. The influence of high-pH alkali and alkaline earth 
solutions on the transition rate  
Increased silica solubility at high pH significantly influences the transition/rate drop regime, 
which, at near-neutral pH values, is characterised by the formation of a gel through silicon 
recondensation. This process results in incongruent dissolution due to some of the glass 
constituent elements being retained in the gel42 and reduced dissolution rates in comparison to the 
initial rate. At near-neutral pH, silica gel is formed through hydrolysis and condensation reactions; 
a Si(OH)4 monomer, formed from monosilic acid polymerises such that there is a maximum 
number of Si-O-Si bonds and a minimum number of SiOH groups. This behaviour leads to the 
formation of ring structures that undergo further condensation reactions compacting the Si 
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particles. This results in the organisation of SiOH groups on the outer surface of the glass, which 
readily dissolve and re-precipitate onto larger particles in a process known as Ostwald ripening32.  
The pH of the solution, and the presence of “salts” (like alkali and alkaline earth ions), alter the 
polymerisation mechanisms as outlined in Figure 2.5. Above pH 7, the rate of dissolution and 
precipitation of SiOH groups is high, which promotes continual Ostwald ripening, resulting in the 
accumulation of large particles of silica (and large particles give rise to large pores); the growth 
rate slows as the particle diameter exceeds 10 nm. Under high pH (>pH 10) conditions, [Si(OH)3]-  
and [Si(OH)2]2- experience repulsion due to their negative charge, which prevents aggregation 
(therefore not forming a gel). However, in the presence of salts, Si species react with the cations 
available in solution to compensate for the negative charge (i.e. [Si(OH)3] +M+). This allows for 
aggregation to occur which, in turn, leads to gel formation. 
Figure 2.5 Polymerisation behaviour of silica, in basic solutions (B) particles in solution grow in size with 
decrease in numbers: in acid solution or in the presence of flocculating salts (A), particles aggregate into three-
dimensional networks and form gels. Taken from Iler32  
 
The diffusion model that is widely accepted for glass corrosion does not adequately describe glass 
dissolution at extreme values of pH. Geisler et al.24 provided significant evidence that, at acidic 
pH, gel layer formation is not the result of diffusion-controlled ion exchange and hydrolysis. 
Tracer elements in alkali solutions showed chemical oscillations in the alteration layer, 
enrichment of the tracer elements 18O and 26Mg in the silica rim without observable diffusion 
profiles, high porosity in precipitated amorphous silica, and silica spherules present at the surface. 
None of these observations are compatible with a diffusion model; rather, evidence for direct 
precipitation of amorphous silica from solution fits better with a model described as an interface-
coupled dissolution-reprecipitation reaction (Figure 2.6), which considers congruent glass 
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dissolution in parallel with precipitation and growth of an amorphous silica layer at an inwardly 
moving reaction interface24. The solubility difference between glass and amorphous silica 
controls the thermodynamics of such a process; the glass dissolution reactions control the kinetics, 
which in turn is regulated by the transport of soluble elements and water through the developing 
corrosion zone14. 
Figure 2.6 Dissolution-re-precipitation model suggested by Geisler 2010; a) congruent glass dissolution; b) Si 
polymerisation through condensation reactions at the same time as glass network modifiers (Na) are released 
increasing the pH; c) glass surface is supersaturated, nucleation of amorphous silica starts, and grow to large silica 
spherules; d) at high pH larger polymeric species become stable, pH and salinity determine growth by direct 
deposition of silicic acid or by aggregation of colloidal particles, forming a surface layer of spherical silica 
aggregates of different sizes leading to porosity; e)increased thickness of corrosion rim leads to a decrease in the 
release in the elements from bulk solution, driving the interfacial pore solution away from equilibrium with the bulk; 
f) the silica rim reaches critical thickness, restricting transport of water and other soluble species, potentially 
trapping them. 
 
Under alkaline conditions, the glass experiences nucleophilic attack from the OH- in solution and 
the highly degraded silica structure acts as a hygroscopic silica gel. In the presence of alkali ions 
it is postulated that cross linking can occur, leading to coagulation and the formation of alkali-
silica gels43 as outlined in Figure 2.5. The effect of Na, K, Mg and Ca on gel layer formation at 
high pH is largely neglected in the literature, although several authors including Gin44, Collin45, 
Rebiscoul46 and Rajmohan47 postulated that alkali/alkali earth cations act as charge compensators 
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for Al and Zr species in the gel. Collin et al.45 demonstrated that at pH 7 the passivation layer that 
formed on ISG exhibited selectivity for K > Cs > Na >> Li from solution, replacing the Ca in the 
pristine glass to charge compensate the Al; the incorporation of cations from solution effected the 
amount of water in the gel, which impacted the dissolution rates. Silica gel reorganisation is a 
slow process; soluble elements, such as alkali or alkali-earth cations, are not efficiently 
transported from the glass (or from the solution to the glass) so they can become trapped in pores. 
Once trapped, silica gel has the ability to absorb metal cations and alkali elements into its 
structure48; Al+3, Fe+3, and Mg+2 have been reported to substitute into the gel causing 
morphological changes in the gel structure49, and there is ample evidence that Ca2+ can do the 
same (see below). The combined effects of high pH and element substitution have been shown to 
interrupt the recondensation process, resulting in greater porosity and elevated surface area of the 
gel, thereby promoting more diffusion through the gel50. Rajmohan et al.47 showed that once 
dissolved  Si reached a steady state in solution, Al and Zr readily interacted with the gel, and 
alkaline earth (Ca) or alkali metals (Na) were retained in the gel to charge compensate Al and 
Zr47. Furthermore, Kaspar et al.51 demonstrated that as the solution pH increased, the porosity of 
the silica gel alteration layer increased. 
In a comparison of the effects of Na and K on the dissolution of SON68 glass at pH 11.4 and 
90°C, Ribet et al.52 observed a reduction in the initial rate when compared to that observed at 
pH 7 to 10. They attributed this to the formation of a Si-gel layer, but did not specify its 
composition or porosity. The dissolution rate was greater in NaOH solution than in KOH, as 
evidenced by the normalised mass loss of B, depicted in Figure 2.7. The glass entered the rate 
drop regime more rapidly in NaOH (at day 14) compared to KOH (at day 28), indicating that the 
type of alkali species plays a role in the gel layer formation.  
Figure 2.7 a) LHS Normalised mass loss of B (gm-2) from SON68 in NaOH and KOH solution b) RHS dissolved Si 





Another example of a study that aimed to identify the influence of high pH and alkali elements in 
solution on glass dissolution was that performed by Andriambololona et al.53, who investigated 
the dissolution of the French glass, R7T7, in Volvic water containing crushed hardened cement 
paste compositions (pH 9 – 10.5), and a synthetic cement effluent known as ‘Lawrence solution’ 
(pH 12.6). Full compositions of each solution are listed in Table 2.2. 
 
Two monoliths of glass were placed in each test vessel. Figure 2.8 shows the concentration values 
obtained in the 6 different test conditions. R7T7 exposed to the Lawrence solution exhibited the 
greatest accumulation of elements in solution, concurrent with the very high pH and high alkali 
and alkaline earth composition of this solution. When hardened cement paste was present in the 
water, the corrosion rates of the glass were at least 10 times lower than in pure Volvic water and 
also lower than the Lawrence solution.  
 
Despite the high pH (12.5), and overall elevated dissolution in the Lawrence solution, there was 
an “incubation” period where the initial (0 to 14 day) rate of release of elements from R7T7 to 
solution was lower than in Volvic mineral water (pH 9.1) (Table 2.2). The authors attributed this 
behaviour to the formation of a protective gel on the glass surface (Figure 2.9) that was composed 
of Si-Al-Na from the glass and Ca and K released from the solution. Figure 2.9 demonstrates the 
variation in alteration layer thickness under the 6 different test conditions; dissolution in the 
presence of Portland cement (M1) led to the formation of a thick alteration layer (~ 26 µm) when 
compared to Volvic water (~2.1 µm) and Lawrence solution (~ 11.3 µm). The gel layer was 
described as acting as a diffusion barrier, inhibiting further corrosion of glass elements. Multiple 
alteration zones were observed, which were depleted in Si when exposed to Portland cement.  
Andriambololona attributed this to the Ca reaction front restricting Si extraction from the glass53. 
 
Table 2.2 Solution pH and composition taken from Andriambololona53, units for elements in solution are mg L-1. 
 pH mg L-1 
   Si Na Li Al Ca K 
Volvic water  9.1 10.7 9.2 - - 9.8 5.5 
Lawrence solution 12.6 0.75 434 0.2 0.4 112.7 1788 
PC (M1) + Volvic  10.5 3.6 104 2.7 1 82 305 
PC + 20% pozzolana (M2) + Volvic  9.0 10.6 74 2.1 2.7 590 51 
PC + 5% amorphous Silica (M3) +Volvic  9.5 2.6 51 3.2 2.4 576 35 
BFS (M4) + Lawrence sol. 10.5 2.6 956 0.8 5 350 1815 
The values listed are for blank solution after 91 days 




Figure 2.8 Adapted from Andriambololona, glass corrosion in Volvic mineral water, Lawrence solution and 
leachates containing mortars M1-M4: Si, B and Li concentration in the leachate versus time.  
 
Figure 2.9  Equivalent leached glass thickness calculated from Li concentration in solution, measured on polished 




A number of recent publications have highlighted the significant role that Ca can play in the 
dissolution of glass materials23,54–57. Despite this, there is ambiguity over the terminology used to 
describe phases and gel layers that are composed of Ca. In the literature, the term “C-S-H, or 
calcium silicate hydrate” has been used to describe both the Ca-containing amorphous gel layer 
that forms during the condensation of dissolved silica and also the (semi)crystalline precipitates 
containing Ca and Si that are formed on top of the initial gel layer. Since these are formed by 
different mechanisms, we have distinguished these as two distinct phases: 1) Ca-silica gel, which 
is a layer formed at the onset of the rate-drop regime by recondensation of Si to form a gel, into 
which Ca is incorporated (sometimes with Al) as a charge compensator. This typically has a low 
Ca:Si ratio and is not crystalline in nature; and 2) C-S-H precipitates, which are phases formed 
via precipitation from solution on top of the gel layer. These phases may be nano- or micro-
crystalline and typically have a higher Ca:Si ratio than the gel layer (0.5 to 3.0 58), although over 
time, and as Ca is consumed from solution, the Ca:Si ratio can decrease.  
 
The importance of Ca as a charge-compensating cation within the silica gel layer has been shown 
by a number of authors. For example, the presence of Ca was found to initially mitigate the effects 
of high pH, and Ca was found to react with the glass during alteration layer formation, slowing 
the dissolution rate of the glass59. Maraghechi et al.30 reported that dissolution of silicate glass 
was slower in the presence of Ca due to the formation of a strongly adhered, “protective C-S-H 
layer, formed by in-situ transformation of the glass as opposed to precipitation from solution” 30, 
with high density (and low porosity); Note that the suggestion of in-situ transformation indicates 
this is a Ca-silica gel rather than C-S-H precipitate. Furthermore, it has been observed that when 
the concentration of Ca in solution is restricted, an apparently passivating Ca-silica layer can be 
formed60, lowering the dissolution rate either by limiting the Si-O bond hydrolysis or through the 
inclusion of Ca in the gel layer to compensate the non-bridging O of Si species54,56. 
Corkhill et al.61 and Utton et al.59 observed a delay in the release of Si from the glass in saturated 
Ca(OH)2 solutions, which was termed the “incubation regime”, explained by the removal of Ca 
from solution and subsequent incorporation into the hydrated surface as a Ca-silica gel, although 
Utton et al. postulated the  cause may have been due to the formation of a Ca-borate phase. As 
such, the dissolution rate was found to be an order of magnitude lower than observed for the same 
glass dissolving in water. Conversely, Ferrand54 observed that when an unlimited supply of Ca is 
present, the dissolution of glass is accelerated due to the formation of both Ca-silica gel and C-S-H 





Figure 2.1062 shows that the initial reaction of Ca with dissolved Si is highly pH dependent60. 
Below pH 7 at 90 oC, Ca is not expected to react with amorphous silica; however at pH values of 
> pH 10, Ca, Si-bearing phases have been observed experimentally by Atkinson63, 
Greenberg64and Fujii65, and modelled by Sugiyama et al.62. The data shown in Figure 2.10 
illustrates the relationship between pH and Ca:Si ratio; as the pH increases, so too does the Ca:Si 
ratio of the phase. 
Figure 2.10 Adapted from Sugiyama 2006, Ca:Si ratio in C-S-H gel with pH 
 
Nieto et al.66 demonstrated that once Ca is incorporated into a Ca-Si gel it could not be removed 
except by acid attack since the Ca is chemically incorporated into the solid structure. In agreement 
with the scheme proposed by Iler32, the authors hypothesised that the presence of Ca encourages 
condensation of polysilicate anions and links silicate species together to form a solid by modifying 
the equilibrium of Ca–Si–H2O66.  
 
The CaO-SiO2-H2O phase diagram taken from Jennings67 shown in  Figure 2.11 demonstrates 
how a change in the solution concentration of Ca and Si determines the composition of 
Ca, Si-bearing phases; line A is the metastable solubility curve for noncrystalline C-S-H phases 
with a Ca:Si ratio > 1.5, and line B corresponds to crystalline C-S-H phases with a Ca:Si ratio 
between 0.5 and 1. In glass dissolution, it has been shown that the Ca:Si ratio of C-S-H phases 




 Figure 2.11 Concentration of SiO2 components vs CaO in an aqueous phase. A CaO-SiO2- H2O phase diagram. 
The logarithmic scale is used to help separate the points at high CaO concentrations. Adapted from Jennings67  
 
Mercado-Depierre23 studied the impact of Ca in solution on SON68 when compared to a solution 
of KOH. Below pH 10.5, the addition of Ca to solution was shown to increase the initial 
dissolution rate by a factor of 4 when compared to KOH. Above pH 11, Ca was seen to reduce 
the initial rate by a factor of 6. At the higher pH value, it was proposed that Ca sorption to the gel 
layer could result in pore closure, thus limiting diffusion and lowering the dissolution rate.  Ca did 
not incorporate into the alteration layer at pH 8 and, as such, the initial rate increased with an 
increase in the Ca concentration up to 0.125 mmolL-1. At low concentrations of Ca, it was further 
proposed that metal surface complexes are formed between Ca and Si, and that above a certain 
threshold concentration, all sites are occupied at the glass surface. Above this concentration, Ca 
can no longer be incorporated into a Ca-silica gel layer, and instead precipitates with Si dissolved 
from the glass to form C-S-H or other precipitates23. This aligns with the work of Corkhill et al.61, 
Chave et al.57, and Utton et al.59, who found that once the Ca concentration in a saturated Ca 
solution dropped to below ~150 – 200 mg L-1, there was no further removal of Ca from solution. 
 
The studies of Corkhill et al.61 and Utton et al.55 also indicated that aluminium and other alkali 
elements (Na, K) may co-precipitate in the Ca- silica gel layer61. Utton et al.59 hypothesised that 
calcium borate hydrates could be responsible for an incubation period; boron has been shown to 




2.4. Influence of high-pH alkali and alkali-earth solutions on 
the residual rate 
The residual rate is characterised by the formation of precipitates and secondary phases, including 
C-S-H as mentioned in the previous section. The secondary phases formed are dependent on the 
glass composition and leachate solution27. Common precipitates identified in high pH alkali and 
alkaline-earth solutions include variations of C-S-H like C-A-S-H observed by Ferrand54 in the 
presence of an Al-rich glass, M-S-H, as reported by Corkhill61  when Mg-rich glass is dissolved, 
meixnerite  (Mg6Al2(OH)18•4(H2O)) 70 and clay phases, predominantly smectite clay (e.g. 
saponite (Mx-y
+ 𝑛H2O) (Mg3-y(AlFe)y) (Si4-xAlx) O10OH2) 
59, 70–74. The precipitation of these 
phases, controlled by the composition of the solution, the solution pH and the composition of the 
glass, can exert a significant influence on the dissolution behaviour.  
Table 2.3 summarises the available literature pertaining to studies that have attempted to elucidate 
the influence of varying the pH and the alkali / alkaline-earth composition of the solution on the 
residual rate. When compared to dissolution in water, the rate of dissolution for SON6852 at 90 oC 
is higher in NaOH and KOH (where NaOH > KOH). The same observation is true for Magnox 
waste glass (MW) 70,75 at 40 oC (Table 2.3). Compared to a study of SON68 dissolution conducted 
in DI water by Curti et al.72, Ferrand et al.54 found that the average rate of dissolution of the same 
glass was a factor of 10 lower when dissolution was performed in a synthetic cement water 
(YCWCa). Thus, the common assumption that the presence of cement has a negative impact on 
glass dissolution is not necessarily supported by the available residual rate data shown in Table 
2.3. However, it is true that cementitious solutions generate complex dissolution media that are 





Table 2.3 Summary of residual rates obtained from the literature from authors who conducted leaching tests in 
high pH, alkali or alkali-earth bearing solutions. 
Author Glass 
SA/V,  
m-1 Solution pH @ 25oC Initial rate, g m-2 d-1 
Utton et al. 59 
  
LBS 1200 Ca(OH)2 12.37 NLNa 0.023 @ 50 oC  
Clino 1300 Ca(OH)2 12.29 NLNa 0.041 @ 50 oC  
PCM 1200 Ca(OH)2 12.42 NLNa 0.041 @ 50 oC  
Utton et al. 75 
MW 1200 NaOH 12.0 NLB 0.156 @ 40 oC 
MW 1200 Ca(OH)2 12.0 NLB 0.029 @ 40 oC 
LBS 1200 Ca(OH)2 12.0 NLB 0.024 @ 40 oC 
Utton et al. 55 
LBS 10 Ca(OH)2 12.5 NLB 0.122 @ 50 oC 
LBS 9750 Ca(OH)2 12.5 NLB 0.012 @ 50 oC 
Corkhill et al.61 MW 
10,000 Water 9.8 NLB 0.00003 @ 50 oC 
10,000 Ca(OH)2 12.4 NLB 0.00006 @ 50 oC 
Curti et al.72 MW 
SON68 
1200 DI water 9.6 NLB   ̴0.0149 @ 90 oC 
1200 DI water 9.6 NLB   ̴0.0133@ 90 oC 
AMEC report76  MW25 
1200 DI water 9.7 NLB   0.015 @ 40 oC 
1200 Ca(OH)2 12 NLB 0.0329 @ 40 oC 




NLB 0.146 @ 50 oC 




NLB 0.087 @ 50 oC 
1200 Ca(OH)2 NLB 0.062 @ 50 oC 
Mercado-Depierre et al. 23 ILW 
(7oxide)  
1000 PW + lime 11.7 NLNa 0.082 @ 50 oC 
1000 KOH (no lime) 11.7 NLNa 0.056 @ 50 oC 
Ribet et al.22 SON68 
65 NaOH 11.4 NLB 0.0517 @ 90 oC 
65 KOH 11.4 NLB 0.0183 @ 90 oC 
Ferrand et al. 54 
SON68  Synthetic YCWCa 
13.5 
NLLi 0.006 @ 30 oC 
SM539 
 YCWCa + 2.14 g PC NLLi 0.007 @ 30 oC 
 YCWCa + 7.5 g PC NLLi 0.018 @ 30 oC 
 YCWCa + 22.5 g PC NLLi 0.007 @ 30 oC 




36.25 CPA 10.5 NLLi 0.19 @ 90 oC 
36.25 CPA + pozzolana 9 NLLi 0.19 @ 90 oC 
36.25 CPA + amorphous Si  9.5 NLLi 0.30 @ 90 oC 
36.25 BFS cement  10.5 NLLi 0.10 @ 90 oC 
36.25 Volvic mineral water 9.1 NLLi 0.30 @ 90 oC 
36.25 Lawrence solution  12.5 NLLi 0.09 @ 90 oC 
YCWCa= Young concrete water with added Ca 
PC= Portland cement 
PW= Portlandite saturated water  
CPA = Portland cement  
BFS = Blast furnace slag 
 
 
Utton et al.75 showed that MW dissolved five times faster in NaOH compared to Ca(OH)2 as 
shown in Figure 2.12 and Table 2.3. The lower dissolution rate observed in Ca(OH)2 solution was 
attributed to the removal of Ca from solution  (Figure 2.12) and its subsequent reaction with the 
glass to form Ca-rich precipitates, which reduced the dissolution rate through the passivating 
effects of the precipitate layer. 
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Figure 2.12 LHS: Ca and Na concentrations in Ca(OH)2  and NaOH solutions as a function of HLW glass 
leaching at 40 oC as compared with blank solutions; RHS: variation of pH under the same conditions. Adapted 
from Utton75  
  
Ferrand et al.54 designed an experiment to study the dissolution behaviour of SON68, the inactive 
reference of R7T7 and SM539 HLW glasses, in the presence of Portland cement. Four glass 
monoliths were mounted above crushed hardened cement paste in a solution of synthetic cement 
water (YCWCa) at pH 13.5; glass powder was then placed at the bottom of the test vessels to mix 
with the crushed cement, which was stirred for the duration of the experiment. The concentrations 
of Na, K and Ca in the initial solution were 3300 mg L-1, 12900 mg L-1 and 16 mg L-1 respectively. 
The authors concluded that the cement acted as a sink for the matrix elements of the glass, since 
the concentration of these elements in solution was far from saturation. This resulted in relatively 
high dissolution rates compared to solutions that had a restricted Ca concentration; for example, 
in a solution of YCWCa with no added cement, the Ca concentration was 1.38 mg L-1 (compared 
with 55.99 mg L-1 in the presence of cement), and the dissolution rate was a factor of three lower. 
This led the authors to suggest that alteration layers on the surface of the glass did not act in a 
protective manner. A Si-gel layer was observed in these samples and was found to contain Ca or 
Ca and Al in the Al-rich SM539 glass. The pore size of the gel, as measured by high resolution 
TEM, was found to be ~ 10 nm in diameter, which is large enough for  water molecules 
(>0.28 nm77) to  pass through, to which the authors attribute the elevated dissolution rates. In 
support of this hypothesis, recent experiments by Kaspar et al.51 correlated alteration layer 
porosity and pH when studying ISG; it was found that as the pH of the leachate increased, the 
number of voids/pores increased at the surface of the alteration layer. This concurs with Iler’s 
model (Figure 2.5) for polymerisation at high pH; larger particles form leading to greater porosity.   
UK HLW glasses have a significant concentration of Mg, resulting from reprocessing of spent 
fuel clad in Magnox alloy (comprised of Mg and Al). Magnesium, as a divalent cation similar in 
chemistry and hydrated ionic radius to Ca2+ [Mghyd 4.28 Å, Cahyd 4.12 Å45,78], should also be 
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considered as a species that may play an important role in gel layer and secondary phase formation 
at high pH, although above pH 12, the solubility limit for brucite (Mg(OH)2) is reached. Below 
this pH however, Mg2+(aq) is a stable chemical species in solution. Schofield et al.79 suggested that 
there was a correlation between the amount of Mg in the glass (and a concurrent reduction in Ca) 
and the extent of leaching. Harrison et al.80 concluded that with a greater ratio of oxide to Magnox 
waste (which thus lowered the Mg content), the durability of the glass improved. Magnesium has 
been reported to have dual effects on glass dissolution55; for example, it could act as a charge 
compensator in the gel alteration products, that can protect the glass in much the same way as Ca 
(the affinity for the gel is highest for Ca >Mg > Na)81. However, if Mg-containing secondary 
phases form, such as aluminous hectorites 
(Na0.52(Mg2.47Li0.12Al0.11Fe0.01M0.29)(Si3.45Al0.55)O10(OH)2, M = trace cation)82, the dissolution rate 
has been shown to accelerate due to the consumption of Si to form these phases. Curti et al.72 
concluded that Mg-free SON68 glass had better resistance to corrosion and radionuclide retention 
properties than Magnox glass as a result of the slow formation of clay phases72. It should also be 
noted that Magnox glass is sensitive to Li concentration; increased Li content leads to an increase 
in elemental losses from the glass during aqueous corrosion80. 
Ribet et al.52 observed cation incorporation into the alteration products; the concentration of K 
decreased in solution, suggesting that alteration products consumed a large proportion of 
hydroxide ions and K+ cations, leading to an initially K-rich protective layer. The Na 
concentration continued to increase, indicating that no passivating layer had formed52. Liu et al.83 
complemented an experimental study with geochemical modelling to aid determination of 
secondary phases that formed on the surface of SON68 after more than 300 days in a synthetic 
cement water (YCWCa). At 30 oC no crystalline phases were observed and geochemical 
modelling indicated that K-phillipsite (KAlSi3O8:3H2O) was close to saturation. At 70 oC, Lui 
observed Al, Ca, and Si in addition to alkali cations from the solution (namely K) were involved 
in the formation of secondary phases; phillipsite and foshagite (Ca4Si3O9(OH)2:0.5H2O) (which 
represents C-S-H in the database) were supersaturated.  This agrees with observations by authors 
Ribet et al52, Frugier et al.20, and Ferrand et al.54 who reported C-(A)-S-H and Na- and K- 
containing zeolite precipitates on the surface of SON68 after dissolution under high pH conditions 







2.5. Influence of high-pH alkali and alkali-earth solutions on 
the rate resumption regime 
Resumption of the alteration rate, otherwise known as Stage III, is possible at any point during 
the residual rate, where the solution is close to saturation with Si and a passivating layer has 
formed. It is generally agreed that resumption of alteration is driven by the precipitation of 
secondary phases, and zeolites in particular, which develop at the expense of the gel by depleting 
the Al content in the alteration layer 84. This phenomenon has also been associated, to a lesser 
extent, with the precipitation of C-S-H phases42. As shown in Table 2.4, one of the key conditions 
necessary to initiate a resumption of glass dissolution is high pH. A comprehensive review of the 
role of secondary phases thought to contribute to the resumption of alteration in a selection of 
glasses was recently published by Fournier et al.42; some of the studies featured in this review will 
be briefly discussed below.  
Table 2.4 Occurrence of resumption of alteration of SON68 glass as a function of the temperature and pH, (N: no 
resumption of alteration observed; Y: resumption of alteration detected. Adapted  from Fournier42 
Author Temp pH 8.4- 9.5 pH 10.5 pH 11 pH 11.5 
Ferrand54 30 oC       
N, remained in 
initial rate (700 d at 
4.78 m-1) 
Frugier20 90 oC 
N (even at 20000 m-1 
and > 3000 days 
     
Gin85 90 oC   
N (600 days 
at 6500 m-1) 
Y (after 200 days 
at 6500 m-1) 
Y (14- 28 days at 
6500 m-1) 
Caurel86 150 oC 
Y (after 30 days at 
50 m-1) 
No data    
Caurel86 250 oC 
Y (after 21 days at 
50 m-1) 
      
(N: no resumption of alteration observed; Y: resumption of alteration detected)     
 
Under alkaline conditions (pH 8-14), Ca-Si gel or Alkali-Si gel (the alkali is often a cation 
removed from solution and incorporated into the Si-gel), cover the glass surface uniformly prior 
to zeolite formation. While the mechanisms and kinetics of zeolite formation are not yet fully 
understood, zeolites that have been observed on glasses dissolved in high pH solutions include 
phillipsite (AlSi3O8:3H2O)87, chabazite (Ca,Na2,K2,Mg)Al2Si4O and, at high temperatures 
(150-250 oC), analcime85 (NaAlSi2O6·H2O). Glasses with a high alkali metal content, 
temperatures of > 90 oC or pH > 10.5 and high surface area to volume ratios have been attributed 
to the formation of zeolitic phases. Other crystalline alteration products observed include C-S-H 
phases, anhydrite (CaSO4), molybdates, phosphates haiweetie88 Ca((UO2)2Si5O12(OH)2):3(H2O) 
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and layered double oxides like hydrotalcite70 (Mg6Al2CO3(OH)16 :4(H2O)). Smectite clays89    
(Al2-yMg2+y)(Si4-xAlx)O10(OH)2M+x+y: nH2O, M= interlayer cation) have also been known to form 
under highly alkaline conditions. 
Immediately before the glass dissolution rate accelerates (i.e., resumption) the Al concentration 
in solution has been shown to decrease 90. Gin et al.85 examined the dissolution of SON68 between 
pH 7-11.5 and determined that alteration resumption could be attributed to secondary phase 
formation at pH 11 at 90 oC, reporting the precipitation of analcime (NaAlSi2O6.H2O). This phase 
was also observed by Ribet et al.52 when at pH > 9.6 at 90 oC for SON68. The solution data from 
this study showed that Si from solution was being incorporated into the analcime phases in 
solution of NaOH, or the phase merlinoite (K5Ca2(Al9Si23O64).24H2O) in KOH solution, despite 
the concentration of B continuing to increase52,14.  
Table 2.4 confirms that for SON68, the pH threshold for secondary phase precipitation is pH 11 
at 90 oC. Ferrand et al.14 observed a similar threshold for SON68, of pH 11.5 at 30 oC using old 
cement water (OCW), of pH 12.5 for evolved cement water (ECW), and of pH 12.5 for young 
cement water with added Ca (YCWCa). The zeolite phase, phillipsite-K 
(Na4KAl5Si11O32.10H2O), was identified in YCWCa at 30 oC and 70 oC87. Despite the low 
temperatures of these experiments, the Al concentrations in solution reached ~ 70 mg L-1 14 
Gin et al.85 made a similar observation. This suggests that high pH dissolution media promote 
zeolitic formation, even at the low temperatures. Further evidence for this can be found in the 
PhD thesis of Depierre91; at temperatures of 30 oC the formation of merlinoite 
((K,Ca0.5,Ba0.5,Na)10(H2O)22[Al10Si22O64]) was observed on CSD-B glass (French glass 
formulated for decommissioning effluents from UP2-400 facility in France92) at 50 oC. 
Inagaki et al.89 observed the formation of smectite clay (Na0.33Al2Si3.67Al0.33O10(OH)2) on 
Japanese simulant waste glass P0789, (which is similar in composition to  SON68) at pH (25 oC) 
9.5-12, and analcime formed when the pH exceeded pH (25 oC) 11. The formation of these 
secondary phases was dependent on the presence and concentration of alkali metals in solution; 
smectite formed under all test conditions in NaOH, however analcime was sensitive to the amount 
of Na in solution and only formed with 0.03 M and 0.1 M NaOH. In KOH Inagaki didn’t observe 
any crystalline phases, indicating that alteration layer formation and rate of formation is 
influenced by the cation in solution89.  
Ribet et al.52 indicated that gels formed during resumption of alteration in NaOH and KOH 
solution (pH 11.4) were not as protective as gels formed at lower pH (8-9), likely due to Si being 
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used for secondary phase formation rather than silica gel recondensation. This was evidenced by 
a difference in the Si content calculated from a mass balance; the Si quantity in the gel was 
0.32 gSi cm-3 in a KOH solution and 0.34 gSi cm-3 in NaOH, compared to 0.57 gSi cm-3 in R7T7 
glass formed during the rate drop regime. In the same study (Ribet52), Si was also observed to 
behave differently in NaOH as compared to KOH; after the initial release of Si to solution, the 
consumption by a silica gel (as exemplified by the removal of Si from solution) occurred more 
quickly in the NaOH solution, than in the KOH solution (see Figure 2.7b, Section 2.3). 
Resumption of alteration, demonstrated by a sharp increase in alteration after a plateau (see grey 
shaded areas in Figure 2.7b), occurred after 14 to 28 days. This was proposed to be due to the 
formation of zeolite phases that consumed Al, initially from solution, and then from the gel layer 
forming minerals such as analcime (Na AlSi2O6.H2O) (formed at 90 oC in 0.25M NaOH for 218 
days) or merlinoite (K5Ca2(Si23Al9O64).24H2O) (formed at 90 oC in 0.25M KOH for 30 days) at 
the gel surface.  Potassium was removed from KOH solution while Na was continually released 
into solution in both KOH and NaOH solutions during the rate resumption stage. Alteration 
products incorporated a large proportion of the hydroxide ions, and the K+ cations, but less Na+ 
leached from the glass. It is likely that the differences in alteration rates are due to K being 
consumed by the gel to form an initially protective layer.  
 
Ribet demonstrated that it is possible to slow dissolution by controlling the pH; an artificial 
reduction to pH 9.5 during the rate resumption stage led to an immediate and significant drop in 
the alteration rate, and a reduction in the Si concentration concurrent with reduced silica solubility 
at lower pH. SEM images indicated that zeolites were gradually dissolving under these reduced 
pH conditions, most likely due to the high sensitivity of these phases to the solution chemistry52.  
 
A greater number of glass dissolution studies at high pH are required to develop a well 
parameterised model to describe the rate resumption. Evidence suggests that resumption only 
occurs in high pH solutions; therefore, cement repositories could be determined as a high risk for 
inducing stage III corrosion, thus making it challenging to predict the long-term durability of the 




2.6. Concluding remarks 
High pH alkali and alkaline-earth solutions impact the rate of dissolution at each stage of glass 
corrosion. The dissolution rates increase with a rise in pH, which is due to the higher solubility of 
silica and, at high pH, the glass dissolution is promoted by silica network hydrolysis. The initial 
rate is controlled by pH, temperature, glass composition and solution chemistry. 
The rate drop can be explained by two theories93,94; first, when the solution becomes saturated 
with dissolved species, the chemical affinity for dissolution decreases. Second, ionic exchange 
between the glass and solution is restricted due to a protective gel layer on the surface of the 
glass95. Research by Mercado-Depierre23, Ferrand54, Corkhill61, Utton59, Cailleteau96, Chave57 and 
Andriambololona53 in the presence of Ca showed that this species had a positive effect on glass 
dissolution by reducing the initial or final dissolution rates compared to experiments in pure water, 
through the formation of a passivating gel layer on the surface of the glass. Mercado-Depierre 
postulated that Ca acts as a charge compensator for non-bridging oxygen of silicon species in a 
Ca-Si gel or precipitates as C-S-H23. Early age cement waters with little or no Ca present still 
result in reduced dissolution rates when compared to pure water, but these are often higher than 
when Ca is present. The solution chemistry of such early age cement waters is dominated by 
NaOH and KOH from Portland cement dissolution, which keeps the pH high, and promotes the 
formation of alkali-silica gel that protects the glass87. 
High pH and alkali / alkali-earth containing solutions have been linked with zeolite formation, 
which is considered a pre-requisite for rate resumption. This is thought to occur when zeolites 
consume Al and Si from the gel, reducing its protective capabilities and leading to a rate 
resumption regime which in some cases exceeded the initial rates. It is not yet clear how other 
phases formed at high pH in the presence of Na, K, Ca and Mg. For example, C-S-H and Mg-
bearing smectite clays might influence rate resumption behaviour; these phases are all capable of 
consuming Al and Si from solution, so in theory, could lead to resumption. 
Determining the long-term durability of nuclear waste glass in a cementitious environment is 
complex. In scenarios where vitrified wastes come into contact with a highly alkaline plume from 
the cement used in construction or the engineered barrier materials, the glass will be exposed to 
a high pH mixed alkali / alkaline-earth solution, which evolves as a function of time. The majority 
of research conducted to understand glass-cement interactions has focused on simplified solutions 
that represent early age Portland cement pore water, focusing on glass dissolution in K, Na and 
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Ca hydroxide solution. Our understanding of dissolution under these conditions is relatively 
general; it is widely thought that at pH values of 11.5 and above, the dissolution-precipitation 
model for glass dissolution adequately describes the behaviour observed. However, limited 
investigations using high spatial resolution techniques has hindered the proof of this hypothesis.  
This thesis sets out to enhance our understanding of how glass behaves during dissolution in high 
pH, alkali- and alkaline-earth conditions, how the dissolution kinetics are influenced by these 
solutions, and to elucidate which mechanisms control this behaviour. Furthermore, since the 
chemistry of cements will constantly evolve within a GDF, the role of the evolving, complex 
cementitious pore waters on the long term durability of nuclear waste glass within a GDF in the 











MW-25% is a sodium lithium aluminoborosilicate glass, loaded with 25 wt % HLW calcine from 
the reprocessing of UK nuclear waste. The calcine typically consists of HLW from the 
reprocessing of Magnox fuel (U-metal) blended with HLW from the reprocessing of oxide fuel 
(UO2) from ThORP, at a ratio of 75:25 o:m. Significantly, the Magnox portion of the HLW calcine 
is rich in Mg from the Mg-Al alloy used to clad Magnox fuel rods. For the purpose of this thesis, 
an inactive surrogate for MW25 was prepared using glass frit (H0023/1 Ca/Zn ½ Li) and calcine 
(WRW17, contains Ru & Li)) kindly provided by Dr Mike Harrison at the National Nuclear 
Laboratory. The synthesis parameters are listed in Table 3.1 and the analysed (by HF digest and 
ICP-OES analysis) composition is detailed in Table 3.2 and the pull-out reference in Appendix II. 
The Laboratory BoroSilicate glass (LBS) was developed at the University of Sheffield as a 
demonstration of the feasibility to immobilise ILW Magnox waste stream. The composition was 
developed by Utton et al.59 and used in a previous Radioactive Waste Management Ltd. funded 
study on the geological disposal behaviour of vitrified ILW by Utton et al.97. The alkali 
borosilicate glass contained a 30 wt% loading of a simulant ILW waste stream, comprising; 
20 wt% Mg(OH)2, 30 wt% clinoptilolite, 30 wt% sulphonic ion exchange resin and 20 wt% 
radionuclide surrogates (Cs2O, SrO, CeO2, La2O3) in addition to metallic corrosion products 
(Fe2O3, Al2O3, ZrO2)59,97. 
The oxide precursors for LBS were weighed and mixed prior to the melt according to Table 3.1. 
The melting glass rose and bubbled significantly and the melt was fluid at 1000 oC. The analysed 
composition is detailed in Table 3.2 and the pull-out reference in Appendix II. The oxide 
precursors were; Al(OH)3 (>99.9 % Acros), H3BO3 (>99.9 % Merck), BaCO3 (99 % Alfa Aeser), 
CaCO3 (96 % Fluka), CeO2 (99.5% Alfa Aesar), CsCO3 (99 % FluroChem), Fe2O3 (98 % Alfa 
Aesar), K2CO3 (99 % Sigma), La2CO3 (99 % Testbourne), LiCO3 (99.5 % Analar), MgO (99.9 % 
Acros), MoO3 (99 % Sigma), Na2CO3 (98 % Alfa Aesar), SiO2 (95 %), SrCO3 (99.9 % Sigma) 
and ZrO2 (99 % Aldrich). 
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 Table 3. 1 Melt conditions for vitrified glasses  
Glass MW-25% LBS 
Melt Temp, oC 1050 1200 
Melt Duration, hrs 4 4 
Cooling Rate, oC min-1 1 1 
Anneal. Temp, oC 500 450 
Anneal. Duration, h 1 1 
Furnace Type Electric  Electric 
Stirred  Yes Yes 
Crucible Material Alumina Alumina 
 
 
The International Simple Glass (ISG) was produced by MoSci Corporation (Rolla, MO, USA) 
as part of an international effort to understand the mechanisms and kinetics of the dissolution of 
nuclear waste glass98. It is a simplified, 6-component oxide glass based on the inactive surrogate 
for French HLW glass, R7T7 with the following composition (mol%): 60.2SiO2, 16.0B2O3, 
12.6Na2O, 3.8Al2O3, 5.7CaO, 1.7ZrO233. The composition is detailed in Table 3.2 and the pull-
out reference in Appendix II. In this thesis, two batch numbers of ISG were used: L12012601-
M12050803 (Chapters 6 and 7) and L12012601-M12042403 (Chapter 5). 
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Table 3.2 Glass compositions wt% values taken from ICP-OES analysis of original samples   
  MW25 LBS ISG 
  wt% mol% wt% mol% wt% mol% 
SiO2 39.12 43.08 47.92 52.14 56.20 60.10 
B2O3 19.40 18.43 9.62 9.03 17.30 15.97 
Na2O 6.84 7.31 12.94 13.65 12.20 12.65 
Li2O 3.20 7.08 3.90 8.54 - - 
ZrO2 1.02 0.55 0.67 0.35 3.30 1.72 
MoO3 0.90 0.41 0.52 0.24 - - 
Al2O3 8.13 5.28 6.85 4.39 6.10 3.84 
Fe2O3 2.38 0.99 10.25 4.20 - - 
Nd2O3 1.38 0.27 - - - - 
Cs2O 0.88 0.21 0.69 0.16 - - 
MgO 3.57 5.86 3.71 6.02 - - 
CeO2 1.01 0.20 0.36 0.07 - - 
BaO 0.27 0.12 0.11 0.05 - - 
La2O3 0.52 0.11 1.53 0.31 - - 
RuO2 0.63 0.36 0.00 0.00 - - 
Pr2O3 0.24 0.05 - - - - 
SrO 0.23 0.15 0.13 0.08 - - 
NiO 0.40 0.36 0.05 0.05 - - 
Sm2O3 0.25 0.05 - - - - 
Y2O3 0.14 0.04 - - - - 
CaO 4.52 5.33 0.45 0.52 5.00 5.73 
K2O 0.01 0.00 0.15 0.10 - - 
Cr2O3 0.41 0.18 0.01 0.01 - - 
SO3 0.08 0.07 0.02 0.02 - - 
TiO2 0.01 0.01 0.01 0.01 - - 
Cu2O 0.02 0.02 0.02 0.01 - - 
ZnO 4.20 3.42 0.01 0.01 - - 






3.1.2. Synthetic Cement Waters 
 
Four synthetic cement waters were prepared for use in experiments outlined in Chapters 4, 5 and 
6. These solutions were developed by SCK.CEN to aid understanding of glass dissolution in the 
supercontainer concept and were designed according to thermodynamic modelling of Portland 
cement in equilibrium with Boom Clay groundwater. Full details of the modelling can be found 
in SCK.CEN report ER-17 by Wang (2009)15, a brief description is given below.  
Hydration products were selected based on literature values for Portland cement (Table 3.3 and 
3.4) taken from Atkins and Glasser99. The volume percentage of concrete aggregates and 
hydration phases were determined through equilibrium calculations with a thermodynamic 
database by Wang15 at SCK.CEN. A water to cement ratio of 0.43 was used to calculate the water 
content and porosity. The alkali concentration in the concrete pore water was established based 
on literature values and the total alkali content of the cement. The Portland cement composition, 
a CEM I type cement, used in the model by SCK.CEN is outlined in Table 3.. Pore water with 
dissolved alkalis were assumed to be in chemical equilibrium with the selected mineral 
assemblage of concrete to derive concrete pore water compositions for three stages; young cement 
water, evolved cement water, and C-S-H  water.  
 Table 3.3 Hydration products selected to model synthetic 
cement waters by Wang15 
 








Table 3.4 Chemical composition of Portland cement 










Hydration products of the Portland cement were defined as; afwillite (Ca3Si2O4(OH)6 or  
C-S-H_1.8(Ca1.8SiO4.6H3.6), ettringite (Ca6Al2(SO4)3(OH)12.26H2O), hematite (Fe2O3), 
hydrogarnet (Ca3Al2(OH)12), hydrotalcite (Mg4Al2(OH)14.3H2O) and portlandite (Ca(OH)2) 
according to models outlined by Berner100, Reardon101 and Nielsen102. Afwillite was used to 
represent C-S-H in hydrated cement since it is stable in the presence of portlandite at high Ca/Si 
ratios15.  An incongruent dissolution model would be required to consider amorphous C-S-H 




Liquid phases in a hardened Portland cement paste are located in the pores, and the chemistry of  
pore water is controlled by the solubility of solid phases like portlandite, calcium silicate hydrates 
and hydrated aluminate. The theoretical evolution of pore water as a function of geological 
disposal time is schematically described in Figure 3.1 (adapted from Coumes et al.103). 
Figure 3.1 Schematic of Portland cement paste pore solution pH during leaching in pure water adapted from Cau 
Dit Coumes et al (2006) 
 
The initial stage of cement hydration results in a high pH pore fluid due to the high solubility of 
Na and K sulphate salts. Due to high concentrations of free Na and K, equivalent hydroxyl ions 
are produced to charge balance the system. This results in a high pH (pH >13) during the initial 
stage of hydration, giving rise to “Young Cement Water”, YCW). In the synthetic version of this 
solution, Na and K are added in their hydroxide form. As the dissolved alkalis leach into 
groundwater, the pH is reduced to 12.5 and becomes controlled by portlandite dissolution, giving 
rise to “Evolved Cement Water” (ECW). With an increasing number of cement pore water volume 
replacements by groundwater, portlandite dissolves completely and the pH reduces to pH <12, 
giving rise to “Old Cement Water”, OCW. Table 3.6 details the target composition of the cement 
waters used in this study. 
These synthetic cement leachate solutions were prepared in an anaerobic chamber to ensure a 
CO2-free environment (O2 and CO2 are eliminated using a H2 and N2 gas mix), to prevent 
carbonation (and thus a deviation from the desired solution pH). Degassed ultra high quality water 
(UHQ, 18 ΩM) was utilised to make solutions of 0.1 M KOH, 1 M KOH and 1 M NaOH. These 
stock solutions were used in conjunction with chemicals listed in Table 3.5 to create 1 litre of 
each synthetic cement water solution. Powders were weighed at the bench and transferred to the 
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anaerobic chamber immediately and left for 1 day before being used to make solutions. The 
reagents used were; NaOH, KOH, Ca(OH)2 (99 %, 85 % and 96 % respectively, supplied by 
Merck), Na2SO4 (99 % Alfa Aesar) and CaCO3 (99% Sigma). 
Table 3.5 Chemicals used to prepare 1 L of each synthetic cement water  
 
  NaOH (l) 1M KOH (l) 0.1M KOH (l) 1M Ca(OH)2 (s)  Na2SO4 (s) CaCO3 (s) 
Mass, g 
YCWCa 136 - 370 0.0296  0.284 0.03 
YCW 136 - 370 -  0.284 - 
ECW 16 2 - 1.11  - - 
OCW 3.45 - - 0.0577  0.0057 0.002 
Glass volumetric flasks were used in the preparation of solutions; once prepared, the solutions 
were transferred to polyethylene plastic bottles as quickly as possible and allowed to equilibrate 
within the anaerobic chamber for 3 months. During this time, the storage bottles where shaken on 
a weekly basis. Table 3.6 outlines the target composition of each of the synthetic cement waters 
and Table 3.7 provides the composition of synthetic cement waters as determined by ICP-OES. 
This information is also available in the pull-out section in Appendix II, for ease of reference 
while reading the results Chapters.  
Table 3.6 Target composition of synthetic cement waters  
Element Concentration 
  Young Cement Water  Young Cement Water  Evolved Cement Water Old  Cement Water * 
  pH(RT) 13.5 plus Ca pH(RT) 13.5 pH(RT) 12.5 pH(RT) 11.7/11.8 
 mg L-1 mol L-1 mg L-1 mol L-1 mg L-1 mol L-1 mg L-1 mol L-1 
Ca - - 28 7 x10-4 601.5 1.5 x10-2 32.06 0.08/0.13 
Na 3220 1.4 x10-1 3220 1.4 x10-1 368 1.6 x10-2 347 1.51 
K 14467 3.7 x10-1 14467 3.7 x10-1 7.8 2 x10-4 7.82 0.02 
Al 1.62 6 x10-5 1.62 6 x10-5 0.13 5 x10-6 253 0.94/0.29 
Si* 8.43 3 x10-4 8.43 3 x10-4 0.08 3 x10-6 22.46 0.08/0.63 
Mg 2.4 x10-7 9 x10-12 2.4 x10-7 9 x10-12 9.7 x10-5 4 x10-4 2.4 x10-5 10-7 
Fe 5.6  x10-5 1 x10-9 5.6  x10-5 1 x10-9 5.6  x10-5 1 x10-6 5.5 x10-6 10-8 
SO42- 192 2 x10-3 192 2 x10-3 0.67 7 x10-6 4.80 5 x10-3 
CO32- 18 3 x10-4 3.60 3 x10-4 0.48 8 x10-6   
C 3.6 3 x10-4 18 3 x10-4 0.1 8 x10-6 0.24 2 x10-3 
*controlled by afwillite and CSH_1.8 if two values are given  
 
Table 3.7 Composition of synthetic cement waters as determined by ICP-OES, errors calculated based on the 
standard deviation of 6 blank samples.  
Element Concentration, mg L-1 as determined by ICP-OES 
  Young Cement Water  Young Cement Water + Ca 
Evolved Cement 
Water 
Old  Cement Water  
  pH(RT) 13.50 ± 0.43 pH(RT) 13.01 ± 0.48 pH(RT) 12.30 ± 0.50 pH(RT) 11.56± 0.26 
Ca - 1.81 ± 1.11 290 ± 37 3.66 ± 0.18 
Na 2900 ± 850 2900 ± 500 212 ± 22 65 ± 14 
K 9000 ± 3000 9000± 600 - - 
Al - - 0.60 ± 0.48 0.24 ± 0.01 
Si - - 4.35 ± 2.63  - 
Mg - - 0.15 ± 0.05  - 
Fe - 3.26 ± 1.36 - - 




3.1.3. Granitic Ground Water 
 
One of the conceptual scenarios for the geological disposal of nuclear waste in the UK is disposal 
within a hardrock (e.g. granite) geology. This particular concept may utlilise a high-pH cement 
backfill for ILW, thus it is of interest to this thesis. For sequential dissolution experiments 
performed in Chapter 6, where the final solution in the sequence is a groundwater, a granitic 
composition was therefore chosen. The composition of the synthetic granitic groundwater utilised 
is based on the groundwater samples taken between 100-500 m in Swedish bedrock104,105. The 
composition is detailed in Table 3.8 and the Appendix II pull-out. The components were weighed 
at the bench and dissolved in 1L of de-gassed UHQ water (N2 was bubbled into the water 
overnight to de-gas) and transferred to the anaerobic chamber to equilibrate for 1 month prior to 
use. The container was shaken once a week, to ensure components had fully equilibrated. Table 
3.9 outlines the measured composition of the ground water solution used in this study, as 
determined by ICP-OES. The reagents used were; KCl, MgCl2, NaHCO3 (supplied by Sigma ≥ 
98 %), Na2SO4 (99% Alfa Aesar), CaCl2 (99+ % Acros) and NaCl (≥99% VWR). 
Table 3.8 Granitic ground water composition, 
components listed in mg to make 1 L of solution. 
Granitic Ground Water, 1 L 
  mg 
KCl 7.45 
Na2SO4 14.20 





Table 3.9 Granitic ground water composition as 
analysed by ICP-OES, mg L-1. 
Granitic Ground Water 
Element Concentration, mg L-1 
  pH(RT) 8.83 ± 0.34 
Ca 24.12 ± 0 .08 
Na 63.67 ± 2.56  
K 12.90 ± 0.54  
Al - 
Si 5.17 ± 0.94  
Mg 6.00 ± 0.19  
Fe 1.14 ± 0.05  






3.1.4. Nirex Reference Vault Backfill Cement 
 
Specific requirements for a cementitious backfill within a UK geological disposal facility led to 
the development of a high-pH cement material known as the Nirex Reference Vault Backfill 
(NRVB). The functionalities required included: a low strength to allow for possible re-excavation, 
high porosity and permeability to allow the escape of gases and to provide a high surface area for 
sorption of radionuclides, and a highly alkaline buffered environment to suppress dissolved 
radionuclides7,106. In Chapter 7, the effects of NRVB-leachate on glass dissolution are 
investigated. 
NRVB is composed of Portland cement, limestone flour and hydrated lime (see Table 3.10) and 
has a water:solid (w/s) ratio of 0.55. CEM I 52.5R (Sellafield grade) Portland cement was utilised 
in this study. For comparison with previous107 and recently published work7, reagent grade CaCO3 
(≥ 99.0 % sourced from Sigma-Aldrich) was used instead of limestone flour, and reagent grade 
Ca(OH)2 (≥ 95.0 % sourced from Sigma-Aldrich) was used in place of hydrated lime. A recent 
study by Vasconcelos et al.7, compared the hydration of NRVB prepared using reagent grade 
chemicals and industrial materials (i.e., limestone flour and hydrated lime); they found that the 
cement hydrate phases formed are the same no matter which source materials are used, only the 
hydration occurs slightly more rapidly when using reagent grade materials (due to higher surface 
area of CaCO3 than limestone flour). Table 3.11 lists the composition of Portland cement used to 
make the NRVB in this study. 
Table 3.10 NRVB composition 
NRVB  Mass, g 
Portland Cement 78 
Calcium Carbonate 85.8 
Calcium Hydroxide  30 
Water 106.5 
water/solid ratio (w/s) 0.55  
 
Table 3.11 Composition of Portland cement (raw 
materials), as determined by XRF. 
 
 

















Dry components, according to Table 3.10, were mixed by hand prior to the addition of water, after 
which time the wet cement pastes were mixed in excess of 20 mins. NRVB remains quite fluid 
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and was easily packed into centrifuge tubes for curing. Cement pastes were cured at room 
temperature for a minimum of 28 days; the cement utilised to make NRVB-leachate for Chapter 7, 
was cured for 826 days, The XRD patterns and TG-MS analysis of NRVB cured for 28 d and 
826 d are shown in Figure 3.2. With age the phase assemblage of the NRVB samples change 
slightly, more calcite is present in the 826 day cured sample as shown by the increased peak 
intensity at 23.09 o2θ and 29.43 o2θ, in addition to the disappearance of the peak assigned to 
hemicarboaluminate at 11.6 o2θ. The TG data (depicted by the black line) in Figure 3.2 follows 
the same trends samples cured for 28 and 826 days the peaks between 100-200 oC can be attributed 
to ettringite and monocarboaluminate, while the peaks observed between 400-500 oC and 
650-800 oC correspond to portlandite and calcite respectively7,16.  
Figure 3.2 Diffraction patterns (LHS) and TG-MS of NRVB cured for 28 or 826 days 
 
3.1.5. Blast Furnace Slag Portland Cement (BFS:PC) 
Blast furnace slag (BFS) is produced as a by-product in the manufacture of iron and steel. It is 
mostly an amorphous material containing silicates and aluminosilicates of calcium. To hydrate 
and exhibit cementitious properties, it requires activation, usually from alkali hydroxide, lime, 
gypsum or Portland cement. BFS is blended with Portland cement (to lower the heat of hydration 
and enhance compressive strength) and used to grout intermediate level wastes in the UK. It is 
also commonly used in the construction industry108,109. Table 3.12 outlines the ratio of starting 
materials required to make BFS:PC, Table 3.13 lists the composition of the raw materials used; 
CEM I 52.5 N and BFS sourced from Hanson Cement Ltd, Ribblesdale works (i.e. Sellafield 
specification; BS EN 197-1:2011). 
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NRVB cured for 826 days
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Table 3.12 BFS:PC composition (5.67:1) 
BFS:PC  Mass, g 
Portland Cement 33.26 
Blast Furnace Slag 188.96 
Water 77.79 
water/solid ratio (w/s) 0.35 
 
Table 3.13 Composition of Portland cement and BFS % 
(raw materials), as determined by XRF. 
  PC, % BFS, % 
Na2O 0.31 0.39 
MgO 2.09 8.35 
Al2O3 4.55 12.15 
SiO2 19.99 36 
P2O5 0.17 <0.05 
K2O 3.23 0.65 
CaO 0.67 39.68 
TiO2 65.37 0.84 
Mn3O4 0.09 0.5 
V2O5 0.01 <0.05 
Cr2O3 0.01 <0.05 
Fe2O3 3.12 0.43 
BaO 0.03 0.07 
ZrO2 0.00 0.06 
ZnO 0.15 <0.05 
SrO 0.11 0.09 
 
Dry components were mixed by hand prior to the addition of water and wet cement pastes were 
mixed in excess of 20 minutes prior to packing into centrifuge tubes for curing. Cement pastes 
were cured at room temperature for a minimum of 28 days; the cement utilised in the glass 
dissolution experiments in Chapter 7 was cured for 826 days. The XRD patterns are shown in 
Figure 3.3, as the BFS:PC sample ages it becomes slightly more amorphous in nature, as 
determined by a reduction peak height and a broadening of peaks. The enhanced amorphosity can 
be attributed to C-S-H/C-A-S-H formation. The phases identified in the BFS:PC sample cured for 
826 days include; calcite, ettringite, portlandite, monocarboaluminate, monosulfoaluminate, 
hemicarboaluminate, hydrotalcite and C-S-H. The peaks identified in the TG data  have been 
attributed to ettringite between 100-200 oC, while the peaks observed between 400-500 oC and 
650-800 oC correspond to portlandite and calcite respectively7,16. 
Figure 3.3 XRD patterns (LHS) and TG-MS (RHS) of BFS:PC cement cured 28 days and 826 days. 
 












BFS cured for 826 days 































































































BFS-PC cured for 826 days
BFS-PC cured for 28 days
















































3.1.6. Synthesis of NRVB and BFS:PC Equilibrated Cement Waters  
 
Hardened cement pastes of NRVB and BFS:PC were cured at room temperature for more than 2 
years (826 days) and were transferred into the anaerobic chamber for crushing and sieving. Fifty 
grams of powder less than 150 µm was added to 2 litres of de-gassed UHQ water (N2 was bubbled 
into the water overnight to de-gas). The PE bottles were shaken on a daily basis for 1 month to 
allow the solutions to equilibrate. After 1 month, the solutions were filtered to reduce the 
likelihood of cement particles being present in the dissolution media and used in PCT-B and 
MCC1 tests outlined in Chapter 7. The measured composition of the equilibrated cement waters 
are listed in Table 3.14. 
Table 3.14 Compositions of NRVB and BFS-PC equilibrated water, mg L-1, as determined by ICP-OES. The values 
listed below are the average of all the blank samples throughout the 112 day experiment, errors calculated from 
the standard deviation of triplicate blank samples. Carbonate content was calculated from TG-MS data Figure 3.2 
and 3.3. 
Element Concentration, mg L-1 
  NRVB BFS:PC 
  pH(RT) 12.65 ± 0.2 pH(RT) 12.59 ± 0.2 
Ca 766 ± 59 487 ± 28 
Na 13 ± 10 43 ± 6 
K 36 ± 5 74 ± 7 
Al 0.08 ± 0.2 1.96 ± 0.7 
Si 1.79 ± 1.4 0.34 ± 1.4 
*Mg 16 ± 9. * 0.30 ± 0.2 
Fe 1.57 ± 0.7 1.67 ± 1.4 
S 10 ± 7 13.5 ± 1.5 
*CaCO3 0.88  0.88 
*Mg conc = 0 day 1-42, day 56 onwards ~ 20 mg L-1 
*CaCO3 conc= calculated based on the dissolution of calcite in the hardened 






3.2. Methodology to Determine the Chemical Durability of 
Simulant Nuclear Waste Glass 
 
A measure of the chemical durability of waste glasses can be obtained by measuring the chemical 
concentration of elements released from the glass into solution under carefully controlled 
conditions.  
Figure 3.4 demonstrates the methodology applied in this thesis: glass was contacted with a 
leachate and placed in an inert (CO2-free) atmosphere at 50 oC for a given time period; solutions 
were analysed by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) and; 
the glass was characterised by Scanning Electron Microscopy (SEM) coupled with Energy 
Dispersive Spectroscopy (EDS), Tranmission Electron Microscopy (TEM), coupled with EDS 
and Selective Area Electron Diffraction (SAED) and X-ray Diffraction (XRD). Three dissolution 
methodologies were utilised, as described below. 
Figure 3.4 Flow chart of experimental processes for chemical durability tests 
  
3.2.1. Product Consistency Test B (PCT-B) 
 
Static tests were conducted in 15 ml Teflon vessels, glass powder was prepared according to the 
ASTM standard C1285-14 110 (The Product Consistency Test, PCT-B). Glass fragments were 
crushed using a percussion motor or Tema mill and sieved to obtain the size fraction between 
75-150 μm. The powder was subsequently washed using Type 2 water in an ultrasonic bath until 
the waste water was clear (minimum of 3 washes) followed by 3 washes with isopropanol alcohol 
to ensure the removal of fines. The glass powder was dried in an oven overnight prior to use.  
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Leachates used included synthetic cement waters outlined in Section 3.1.2, cement waters 
prepared from NRVB and BFS/PC in Section 3.1.6 and ground water, as outlined in Section 3.1.6. 
The initial surface area to volume ratio of 1200 m-1 and a temperature of 50 oC (as recommended 
by the UK geological disposal implementer, Radioactive Waste Management Ltd, 50 oC is the 
long-term target temperature within a cementitious backfill (ILW)111) was used for all PCT-B 
experiments. Test vessels were cleaned according to an in-house modified version of the cleaning 
procedure in ASTM C1285. Glass was weighed into vessels and solution added within the 
anaerobic chamber to prevent carbonation of the leachate solutions. All test vessels were sealed 
and transferred to a stainless steel “bean tin” that, once sealed was purged continuously with 
nitrogen gas, remained CO2-free for the duration of the experiment. The bean-tin was housed 
within an oven at 50 ± 2 °C.  
At specific time points, triplicate samples and duplicate blanks were removed from the oven and 
transferred to the anaerobic chamber. The mass of the vessel was recorded and the pH measured. 
Aliquots were taken for elemental analysis by ICP-OES. The normalised mass loss of elements 
in solution was calculated according to Equation 3.1:  






where NLi is the normalised mass loss for element i in gm-2; Ci is the average concentration of i 
in solution in the triplicate tests, in g m-3; Ci,b the average concentration of i in the blank tests in 
g m-3; fi is the mass fraction of i in the glass; SA is the surface area of the glass powder in m-2; and 
V is the volume of leachate in m3.  
In sequential dissolution tests performed in Chapter 6, the leachate solutions were replaced to 
simulate the evolution of cement solution composition as a function of time. Glass powders and 
monoliths were exposed to the ECW solution for 1 month, at which time 3 vessels were sacrificed,  
aliquots of solution from these sacrificed vessels were removed for analysis (pH, ICP-OES) and 
the powder samples were analysed by XRD and SEM/EDS. For vessels that were not sacrificed, 
the ECW solution was removed and replaced by OCW solution before being returned to the oven 
for 1 month. At this time, the same process was followed (some vessels were sacrificed for 
analysis) and non-sacrificed vessels were emptied and filled with a replacement solution of 
granitic groundwater. Dissolution continued for a further month before all remaining samples 




3.2.2. Monolithic (MCC-1) 
Low SA/V ratio (10m-1) experiments were conducted in parallel with PCT-B tests to study the 
reaction of monolithic waste forms and allow investigation of the alteration layers formed under 
static conditions112. Monolith tests performed in this thesis used the ASTM C1220-98 standard, 
known as the MCC-1 test. Samples of known volume and geometric surface area of 400 mm2 
were immersed in a leachate for the duration of the experiment. Glass monoliths were prepared 
using a slow saw with a diamond blade to achieve the desired sample size and were ground and 
polished using 600, 800, 1200 grit paper followed by 6, 3, 1µm diamond suspension to ensure a 
uniform surface finish. The leachates used in the MCC-1 experiments were identical to those used 
in the corresponding PCT-B experiments; the samples were treated and analysed in the same way 
post dissolution.  
3.2.3. pH Measurements 
The pH of the solutions were measured at room temperature (~ 25 oC) inside the anaerobic 
chamber to prevent the solution from carbonating. The pH probe was calibrated at pH 4, 7 and 10 
prior to use and rinsed with UHQ water between samples. It should be noted that the pH 
measurements were not corrected for the high ionic strength of the leachates, therefore the values 
stated throughout this thesis are indicative and not absolute61. 
It is well known that temperature impacts the pH of a solution; as the temperature rises, the pH 
decreases due to the dissociation of water. It is possible to calculate the pH for solution above 
room temperature using the Nernst equation (Eqn. 3.2). Table 3.15 lists the measured pH(RT) and 
calculated pH at temperature (30/50/70 oC) of all the solutions used in this study. 
 
𝑝𝐻 (𝑎𝑡 𝑇𝑒𝑚𝑝) = 𝑝𝐻(𝑅𝑇) − 
𝐹𝑎𝑟𝑎𝑑𝑎𝑦 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 96485.33 𝐶𝑚𝑜𝑙−1 × 𝐺𝑎𝑠 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 8.31 𝐽𝑚𝑜𝑙−1
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐸, 0.092 𝐽𝐶−1  × 𝑇𝑒𝑚𝑝 𝑜𝑓 𝑠𝑜𝑙, 𝐾




Table 3.15 pH values measured at room temperature (pH(RT))  and the calculated value for the leachate in the 
test vessel at temperatures greater than room temperature. 
 
Relevant Chapters Solution pH(RT) pH @ 50oC pH @ 30oC pH @ 70oC 
Chapter 4 and 6 YCWCa 13.50 12.07   
Chapter 4 and 6 YCW 13.01 11.58   
Chapter 4 and 6 ECW 12.30 10.87   
Chapter 4 and 6 OCW 11.56 10.13   
Chapter 5 YCWCa 13.50 - 11.97 12.15 
Chapter 6 Granitic Ground 
Water 
8.83 7.40   
Chapter 7 NRVB 12.65 11.22   
Chapter 7 BFS:PC 12.59 11.16     
 
3.2.4. Glass Density Measurements 
The density of the glasses was determined using helium pycnometry AccuPycII. The inert gas, is 
used as the displacement medium, a known mass of glass powder (<1 g) was sealed in the 
instrument compartment. The sample solid phase volume is computated based on pressure 
changes observed when the sample chamber is filled and discharged. The displacement density is 
calculated by dividing the volume into the sample weight. The measured density of the MW25, 
LBS and ISG was 2.76 ± 0.14 g cm-3, 2.67 ± 0.14 g cm-3 and 2.53 ± 0.13 g cm-3 respectively. 
The glass density is essential to calculating the amount of glass required to work at a specific 
surface area to volume ratio, it is generally assumed that glass particles are spherical. Given the 
particle size is distributed between 75 – 150 µm the median is used in addition to the mass of 
glass to determine the amount of glass required. 
 
3.2.5. Dissolution Methodology used in Chapter 5 
Chapter 5 details the results of static dissolution tests that were performed at SCK.CEN. 
Experiments were conducted at 30 oC and 70 oC in YCWCa solution with a composition as 
reported by Ferrand et al54, shown in Table 3.16. The YCWCa solution was prepared in an inert 
atmosphere glove box to prevent carbonation, at room temperature, and had a pH measured at 
23 ± 1 oC (pH(RT)) of 13.5 ± 0.2. Experiments were conducted using 9 g of glass powder and 
two monoliths, in contact with 50 mL of solution that had been equilibrated at either 30 oC or 
70 oC; the surface area to volume ratio was 8280 m-1. 
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Table 3.17 Target composition of synthetic young cement water with added calcium (YCWCa), in mmol L-1, after 
Ferrand et al.54 
 
 Element concentration, mmol L-1 
 Ca Na K Al Si S C 
YCWCa 0.70 141.00 367.00 0.06 0.05 2.00 0.30 
 
Experiments were performed in duplicate using a bespoke reactor (shown in Figure 3.5), where 
the monoliths were located on a Teflon holder above glass powder settled on the bottom of the 
vessel; the powder and monoliths were not in contact. Blank tests without glass were also 
performed. Solutions were manually stirred a few hours before removal of 1 mL aliquots at 
regular time points. The aliquots were acidified prior to analysis (HNO3) and diluted with 2 mL 
ultra-high quality water and the chemical composition determined by ICP-AES or MS (X series 
II Thermo Fisher). The monoliths were removed from solution after 200 days and 721 days.  
 Figure 3.5 Bespoke sample holder used in experiments with ISG glass monoliths mounted on a Teflon holder. ISG 
powder was placed at the bottom of the test vessel, which was made from polypropylene. 
  
 
The normalised mass loss NLi (g m-2) was calculated according to Eqn. 3.3: 
 𝑁𝐿𝑖 =
(𝐶𝑖  ∙  𝑉 ∙  𝐹𝑖 )
𝑓𝑖  ∙  𝑆𝐴
=
(𝑚𝑖  ∙  𝑓𝑖)





where Ci is the concentration of element i in the aliquot of solution (mg L-1), V is the total volume 
of solution (m3), Fi is the factor to convert the atomic weight of element i to the atomic weight of 
the oxide containing element i, fi is the weight % of the oxide containing element i in the pristine 
glass, SA is the total surface area of the exposed glass (m2) and mi is the mass of element i (g). 
The NLi values were further corrected by taking into account the volume decrease due to periodic 
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sampling of solution aliquots and evaporation and the amount of glass components (e.g., B, Si, 
etc.) that were discarded with the previous sampling, by adding the cumulative amounts of B, Si, 
etc. in the discarded sample to the amount still present in the leachate at a given time point. 
 
3.2.6. Calculating Alteration Layer Thickness using Mass Loss Data 
Equivalent Boron Calculation  
Equivalent boron thickness calculations are used in addition to measurements made on 
micrographs to determine the thickness of the alteration layer based on the amount of boron 
leached from the glass, using Equation 3.4.  
 
 Alteration Layer Thickness Calculated using the Initial Rate 
The thickness of the alteration layer can be calculated using the initial rate, as shown in 
Equation 3.5. It is assumed that the gel layer has the same density as the glass (which may not be 
the case since the density of the gel is dependent on the water content). 
  
𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (µ𝑚) =
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐵𝑜𝑟𝑜𝑛 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝑔 𝐿−1)
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐵𝑜𝑟𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑔𝑙𝑎𝑠𝑠 (𝑚𝑔 𝐿−1)
× 𝑇𝑖𝑚𝑒 (𝑑𝑎𝑦𝑠) 
Eqn. 3.4 
 
𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (µ𝑚) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑔 𝑚−2𝑑𝑎𝑦−1)
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑔𝑙𝑎𝑠𝑠 (𝑔 𝑚−3)





3.3. Analytical Methods 
 
3.3.1. X-Ray Diffraction 
X-ray diffraction (XRD) is a non-destructive analytical technique that utilises X-rays to determine 
the arrangement of atoms in a materials crystal structure. X-rays are generated by bombarding a 
focused electron beam at a metal target (e.g. Cu). Two forms of scattering occur (see  Figure 3.6); 
coherent scatter, an elastic event whereby the wavelength of the incoming photon does not change 
upon collision with inner shell electrons and incoherent scattering which increases the wavelength 
of the incoming photon, as a result, the energy of the photon decreases; Compton scatter occurs 
when an electron is excited into a higher energy level or forced out of its orbital, the incoming x-
ray photon loses energy though this interaction therefore is overlooked in XRD. Fluorescence 
occurs when an incoming photon ejects an inner orbital electron from the atom and the vacancy 
is filled by an electron that was residing in a higher energy orbital this results in excess energy 
that is released as an x-ray photon with an energy difference of 2 orbitals, the energy is dependent 
on the atomic number and is characteristic of the atom itself. X-ray fluorescence (XRF) relays 
upon this interaction aiding identification of elements in a material113,114. 
 
Figure 3.7 Generation characteristic x-rays 
 
 
The incident x-rays of known wavelength (λ) interact with the atoms of a crystal structure, the 
interplanar spacing (d spacing) is used for characterisation (see Figure 3.7). The angle of 
incident (θ) is measured when constructive inference occurs generating diffracted x-rays that 
leave the sample at an angle equal to the incident beam.  
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Figure 3.7 Derivation of Bragg’s Law, ηλ= 2d sin θ 
 
 
Bragg’s equation115 allows the d spacing value to be calculated; a diffraction pattern is generated 
through the accumulation of diffracted x-rays (reflections) from all the planes in the crystal. Peaks 
indicate reflections and are characterised by their position, intensities and profile. The peaks and 
backgrounds are the source of information and allow compositional identification of unknown 
samples. 
Experimental XRD Parameters used in this Thesis: 
Chapters 4 to 8: X-ray diffraction was performed on hardened cement paste samples cured for a 
minimum of 28 days. Samples were crushed and subsequently ground using an pestle and mortar 
and passed through a 63 µm brass sieve prior to powder XRD analysis.  
Unaltered glass fragments were crushed to powder and passed through a 75 µm sieve. These 
powders were ultrasonically cleaned in isopropanol to remove fines. Altered glass (i.e. removed 
from dissolution test vessels) was dried in air and ground prior to XRD. In both cases, material 
was front loaded into a zero background sample holder and the sample surface made flush with 
the container by pressing with a glass slide. 
All diffraction patterns were analysed using the PDF4+ database from the International Centre 
for Diffraction Data (ICDD).116 
X-ray diffraction data were acquired in theta two theta reflection mode on a Bruker D2 Phaser 
X-ray Diffractometer, with Cu Ka radiation, using a Ni filter and Lynx-Eye Position Sensitive 
Detector. Diffraction data were acquired with an incident beam divergence slit of 0.6 mm and a 
knife edge (1 mm) to eliminate stray scatter; these are normal settings for this diffractometer 
system.  The data acquisition parameters were: Start 2θ = 5 o, End 2θ = 70 o, Step Size = 0.02 o, 
effective total scan time = 3 hours (for glass and cement samples), Sample rotation = 60 Hz.  
LynxEye Detector settings were: Lower discriminator = 0.110, Upper discriminator = 0.250.  The 
X-ray tube settings were 30 kV and 10 mA. 
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X-ray diffraction data acquired for Chapter 5 was analysed using Philips X’Pert Pro System 
(SCK.CEN) with the following settings: two theta range 5-60°, step size 0.02° 2θ, 30s per step, 
Cu Kα radiation and X’Celerator detector. Monoliths were examined using a Bruker D2 Phaser 
x-ray diffractometer (University of Sheffield) in theta two theta mode with Cu Kα radiation, using 
a Ni filter and a LynxEye position sensitive detector, as described above. The resulting patterns 
were evaluated with the aid of X’Pert High Score Plus software and PDF 2 mineral database. 
3.3.2. Scanning Electron Microscopy and Energy Dispersive Spectroscopy 
A focused beam of electrons can be scanned/rastered across the surface of a sample to gain 
characteristic information. The electrons are generated in the tip of the electron gun, and a 
potential difference is generated between the tip and the first anode. This pulls the electron from 
the tip and the potential difference between the 1st and 2nd anodes accelerates the electrons through 
the gun column. Apertures and lenses focus the beam of electrons to ensure convergence of the 
beam on the sample, and by changing the current that passes through the deflector coils, the user 
is able to raster the beam across the sample117,118. A schematic of a field emission SEM is shown 
in Figure 3.8.  
Figure 3.8 Schematic of S4800 Field Emission SEM used at ORNL 
 
The beam sample interactions are detected to gain grey scale images. There are 3 main 
interactions (Figure 3.9): (1) secondary electrons are generated through inelastic scattering of 
electrons in the sample, these low energy electrons provide topographical information; (2) back 
scattered  electrons are high energy electrons (elastic events) where the coulomb force of the 
nuclei drives the incident electron back in the direction of travel. The size of the atom determines 
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the coulombforce, therefore heavier elements will appear brighter on a grey scale image; and (3) 
X-rays are emitted when a vacancy is generated in an electron orbital and a higher energy electron 
drops down an energy level to fill the vacancy. This releases the excess energy in the form of X-
ray radiation. As an electron drops to lower orbital the energy released is unique for each element 
therefore elemental composition can be acquired119. This is known as Energy Dispersive 
Spectroscopy (EDS). 
Figure 3.9 Electron beam/ sample interactions  
  
Experimental SEM Parameters used in this Thesis: 
In Chapters 4 to 8 the sample preparation was executed using the following procedure: Epoxy 
resin was used to encapsulate samples for SEM and TEM. Dried glass powders were mixed with 
epoxy to form a slurry that was poured into small circular sample holders ~0.5mm in diameter. 
The mould was topped up with epoxy to ensure the sample was tall enough for the polishing steps. 
Monolith samples were placed into the resin mould in cross section and filled with epoxy. Once 
removed from the mould, samples were ground using 600 grit to break through the epoxy to 
expose the glass and then 800 and 1200 grit were used, isopropanol alcohol was used as the 
lubricant.  Samples were polished to a 1 μm finish, in three stages, to 6, 3, 1 μm using diamond 
suspension or paste. They were subsequently carbon coated and had the addition of silver dag or 
copper strips to reduce charging.  
Three different SEM instruments were utilised: (1) A Hitachi TM3030 Plus was used for imaging 
(BSE and SE) and obtaining elemental composition (EDS) of glass and cement samples. Images 
were acquired at 5kV using the charge reduction observation mode; (2) A Hitachi S4800 a 
FE-SEM was used for analysis of glass samples after dissolution. For the majority of images the 
accelerating voltage was 5 kV and the current 7uA, with a spot size of 2 (unknown beam diameter) 
on the condenser lenses and a working distance of 7mm (unless collecting EDS during which the 
working distance was increased to 14mm); and (3) an Inspect F50 FE-SEM was also used for 
50 
 
analysis of glass samples after dissolution, in addition to selected cement samples. The 
accelerating voltage was 15kV, the spot size was 3 (unknown beam diameter) and the working 
distance did not require adjustment for EDS measurements. 
Micrographs were post-processed, to obtain quantitative data. The thickness of alteration layers 
on top of the pristine glass were measured using Image J as follows: monoliths were imaged 
lengthwise along the cross section on both sides of the monoliths. At least 15 images were taken 
along each long edge of the sample, and the alteration layer was measured 40 times in each of 
those images. Forty line measurements were selected based on the results from basic statistical 
analysis as outline in Figure 3.10 which shows the number of line measurements and the average 
measured thickness. It can be seen that the error was not minimised with more than 40 
measurements. For Glass powders mounted in epoxy, 7 grains were randomly selected from the 
sample for analysis, based on Figure 3.11, which indicated no significant reduction in the error 
associated with measuring more than 7 grains.  
Figure 3.10 Statistical analysis to determine the number of line measurements in each micrograph 
 
 
Figure 3.11 Statistical analysis to determine the number of grains that should be measured to ensure a 
representative sample spread 
 
 
In Chapter 5 the following procedure was used; the altered glass was characterised as follows: the 
glass alteration layers were examined using a Field emission Scanning electron microscope 
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(SEM) (powders were analysed on a JEOL JSM 6610 and monoliths on a Hitachi S-4800). Energy 
Dispersive X-ray spectroscopy (EDX) was utilised to determine the chemical composition of 
altered layers and the total layer thickness was determined by line measurements around glass 
grains and in the cross sectional images of the monolith (~440 measurements per sample, as 
above). 
3.3.3. Transmission Electron Microscopy 
In Transmission Electron Microscopy (TEM), an electron beam passes through an 
electromagnetic condenser system, the sample, then the objective system and onto a phosphor 
screen or CCD camera (projector system). The condenser system is a series of lenses, stigmator 
coils and beam deflector lenses; the intention is to place the beam on the sample by controlling 
the probe size, convergence angle and the intensity. The objective lenses can be considered as the 
imaging system; the relationship between the sample and object plane is required for the optimum 
position of the sample to be determined (where it does not translate when you tilt). 
Sample preparation was completed by Donovan Leonard at ORNL, on the SEM samples polished 
to 1µm. SEM samples were coated in ~ 20 nm of carbon, prior using the FIB-SEM Hitachi 
NB5000, the dual beam FIB-SEM combines a high resolution FE-SEM with a 40 kV FIB column 
to prepare a lift-out sample (see below).  
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Figure 3.12 Schematic of a transmission electron microscope  
  
The underlying physics for TEM is related to electron scattering. Examples of possible scattering 
interactions are detailed in Figure 3.13. Diffraction analysis requires elastic scattering, imaging 
analysis utilises both elastic and inelastic scattering, and analysis by spectroscopy requires 
inelastic scattering.  
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Figure 3.13 Multiple electron scattering processes associated with electron interactions  
 
 
Elastic and inelastic events are the same as those outlined for the SEM in Figure 3.9. It is worth 
noting that the high voltage, high current electron beam can do significant damage to the samples, 
particularly regions of hydrated altered glass. 
Diffraction patterns, known as Selective Area Electron Diffraction (SAED), are generated in the 
back focal plane of the objective lens. When coupled with TEM, diffraction can determine the 
orientation of single crystals, provide measurements of the average spacing between layers of 
atoms and find the crystal structure of an unknown material. All of these methods are most 
successful when crystalline materials are investigated; glass samples are more likely to generate 
diffuse rings indicating their amorphous nature.   





The region of the FIB lift out was selected based on the presence of an alteration layer, confirmed 
previously by SEM/EDS analysis. The region was milled using a Hitachi NB5000 dual focused 
ion beam scanning electron microscope (FIB-SEM) at ORNL. Firstly, a tungsten strip was laid 
on top of the region (Figure 3.14a) and the ion beam rastered across the regions around the 
tungsten strip (Figure 3.14b), leaving the area to be lifted out. The sample was subsequently tilted 
to 58 o and horizontally milled. Figure 3.14c demonstrates how the FIB section was fused to the 
tungsten needle tip to allow it to be moved to the TEM grid, where it was secured with a further 
application of tungsten (Figure 3.14d). Figure 3.14e and f demonstrate that the FIB section was 
methodically thinned. 
FIB lift out samples were examined using a cold field emission Hitachi HF-3300 high-resolution 
transmission electron microscope TEM/STEM/SEM with an accelerating voltage of 300 keV at 
Oak Ridge National Laboratory, which has the capability to generate simultaneous secondary 
electron and STEM images. EDX was performed using a Bruker XFlash silicon drift detector 
(SDD) attached to the HF3300 TEM/STEM/SEM for elemental mapping of the thin FIB section. 
This was utilised to determine the composition and structure of the altered layers. The SAED 
patterns require post process analysis using Image J and a “Radial Profile Angle” plug in. Radial 
profiles can be plotted by measuring the distance from the centre pixel to each ring in the 
diffraction pattern. The values are converted from pixel to nm and the intensity normalised prior 
to applying a fifth order polynomial. 
3.3.4. Pore diameter determination, TEM image processing 
Image J2 was used to measure the average pore diameter using TEM images obtained as described 
above. The TEM images were processed with a fast Fourier transform (FFT) bandpass filter to 
exclude features larger than 100 pixels and smaller than 3 pixels; the aim of this step was to 
achieve an even brightness across the image and to reduce noise to ensure better results when 
thresholding. Black and white inversion highlighted pores in white for size analysis against the 
image scale. The images in Figure 3.15 and Figure 3.16 depict the image processing steps used 
to collate the pore size diameter of the gel listed Chapter 4.  
                                                     
2 Image J is an open source image processing program, utalised for the analysis of scientific images   
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Figure 3.15 Image processing steps to acquire average pore diameter measurements of MW25 glasses from TEM 
image; the scale bar is first removed from the image, a FFT bandpass applied, threshold applied and the final 




Figure 3.16 Image processing steps to acquire average pore diameter measurements of LBS glasses from TEM 
image; the scale bar is first removed from the image, a FFT bandpass applied, threshold applied and the final 
step is particle size analyser.  
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3.3.5. Thermal Analysis: Thermo-Gravimeter Analysis (TGA) 
Thermogravimetric analysis (TGA) is an analytical technique applied to measure the mass loss of 
a sample as a function of temperature. A small quantity, ~40 mg, of the finely ground sample is 
placed inside the instrument under a controlled atmosphere (usually N2), the temperature is 
gradually ramped up and thermal events associated with mass loss are recorded; for example, 
dehydration which is observed over a distinct temperature range.  
For TG-MS analysis, a PerkinElmer Pyris 1 thermogravimetric analyser was used for cured 
cement samples of NRVB and BFS:PC (Figure 3.2 and 3.17). The temperature ranged from 20 °C 
to 1000 °C with a heating rate of 10 °C/minute under nitrogen atmosphere. A Hiden Analytical 
mass spectrometer (HPR-20GIC EGA) was used to record the mass spectrometric signals for H2O 
and CO2. 
The amount of carbonate in the cured samples was determined by calculating the difference in 
the derivative TG % for the calcite peak and using that to determine the wt % of CaCO3 present 
in the sample. The amount of carbonate is determine by the precipitation of calcite120 in the system 
using geochemical modelling. 
3.3.6. Inductively Coupled Plasma Spectroscopy 
Inductively coupled plasma spectroscopy (ICP) is an elemental analysis technique that allows for 
identification and quantification of elements present in a liquid sample by measuring the emission 
spectra. Figure 3.17 is a schematic diagrm of the process described below; atoms are excited by 
plasma that is generated when argon gas is ionized due to high frequency electricity creating an 
electromagnetic field at the end of the torch where argon gas was expelled. The liquid sample is 
vaporised by a nebuliser before it is passed through the plasma torch and becomes atomized and 
ionised. Atoms are excited through two main processes: by inelastic scattering of an electron from 
an atom (M), according to Equation 3.6;  and by the radiative-recombination of an ion (M+) with 
an electron, which leads to the emission of photons (hv), according to Equation 3.7 121.  
𝑒 + 𝑀 →  𝑀∗ + 𝑒 Eqn. 3.6 
𝑀+ + 𝑒 → 𝑀+∗ + ℎ𝑣 Eqn. 3.7 
  
Optical and radial windows allow for a broad spectrum of wavelengths to be collated for each 
element. The signal passes through the optics to the spectrometer, where it is passes through 
charge-coupled devices (CCDs) and the identification of elements utilises the characteristic 
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emission peaks for each element. The intensity of the emission peaks is related to the quantity of 
element present.  It is at the user’s discretion to select an appropriate wave length to analysis the 
solution data.  




Experimental ICP-OES Parameters used in this Thesis: 
Chapters 4 to 8:  
An ICP-OES must be calibrated to obtain reliable results. Multi-element calibration standards 
were prepared using high quality Fluka elemental standards of known concentration 
(10,000 mg L-1) diluted in a nitric acid solution where appropriate (note high concentrations of Si 
will precipitate out in nitric acid, so an alternative acid is required).  
Two sets of standards were made: (1) the first contained Al, B, Ca, Ce, K, Li, Mg, Na, Zn, S, 
diluted with 1% ultra-pure nitric acid at a concentration of 250, 100, 10, and 1 mg L-1. The second 
set of standards contained Fe, Si, Zr and Ru, which were diluted using UHQ water. The final 
concentrations were 25, 10, and 1 mg L-1 for Fe, Zr and Ru, and 250, 100, and 10 mg L-1 for Si.  
The analytical samples were acidified using ultrapure HNO3 prior to analysis to prevent 
precipitation in the ICP-OES tubing and to stabilise the elements in solution.  
For solutions of such high ionic strength, two further steps were required in the ICP-OES set-up 
to improve the reliability of the measurements: firstly, a ceramic torch must be used to extend the 
lifetime of the equipment (a standard silica glass torch would corrode quickly with cement 
waters); secondly an internal standard of 5 mg L-1 Au solution was analysed concurrently with all 
samples and standards. Internal standards improve the accuracy and precision of the results 
obtained, the 5 mg L-1 Au standard is introduced into the nebuliser with samples and blanks, the 
Au emission intensities are measured and ratioed to the initial internal standard reading. The 
values obtained for the samples can then be corrected by this ratio, therefore compensating for 
introduction efficiencies and sample matrix effects123.  
3.3.7. Geochemical Modelling 
In Chapters 6 and 7, geochemical modelling was performed using the geochemical modelling 
software, PHREEQC version 3, utilising the Hatches database. Thermodynamic data for brucite 
(Mg(OH)2) was manually added to the database (data was obtained from the LLNL database). 
The concentration of elements measured by ICP-OES was input into the PHREEQC software to 
calculate the saturation indices of phases present in the database. The information obtained 
through geochemical modelling was complementary to SEM, EDS and XRD to identify alteration 
products.  
In Chapter 5 the geochemical modelling was performed by Sanheng Liu at SCK.CEN. Two 
different models were applied to simulate the experimental dissolution results: (1) an affinity-
based model where congruent dissolution is driven by the undersaturation of the solution with 
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respect to silica; and (2) a diffusion model that describes “diffusion-through-alteration-layer-
dissolution”, i.e. when the alteration products (gel and precipitates) cover the glass surface and 
limit solute transport, decreasing the dissolution rate.  
The affinity model is given in Eqn 3.8, where dm/dt is the rate of the glass dissolution in g d-1, 
A0 (m2) is the initial glass surface area, m (g) and m0 (g) are the current and initial mass of glass, 
[Si] is the silica concentration in the solution in mmol L-1 and [Sisat] is the saturation concentration 
of silica with respect to a silica-containing phase in mmol L-1.  
𝑑𝑚
𝑑𝑡












The “diffusion-through-alteration-layer-dissolution” model is given in Eqn. 3.9 and is 
accompanied by Eqn. 3.10, which describes the evolution of elemental concentration under 
diffusion-limited dissolution. In these equations, Ci (mmol L-1) is the concentration of an element 
i, A0 (m2) is the initial surface area of the glass, V (L) is the solution volume, xi (dimensionless) 
is the weight percent of element i in the glass, ρ (mg m-3) is the density of the glass, Di (m2 d-1) 
and Mi (mg mmol-1) are the diffusion coefficient and the atomic weight of an element, and t (d) 
is the time. 
𝑑𝑚
𝑑𝑡



























In applying Eqns. 3.9 and 3.10 to model glass dissolution it is necessary to assume that a 
dissolution front progressed proportionately to the square root of time into the pristine glass and 
that the region behind the dissolution front was completely dissolved into solution (assuming 
congruent dissolution). It is further assumed that precipitation (or re-condensation in the case of 
amorphous silica) of secondary phases back onto the glass surface compensated for the retreat of 
the glass surface, leading to the formation of an alteration layer with a thickness that increased 
with the square root of time. Thus the size of the glass sample did not change with time, only the 
size of the inner unreacted core (the glass) decreases (i.e., isovolumetric substitution). This is 
similar to pseudomorphic replacement processes that commonly occur in geochemical 
61 
 
reactions14,30 additionally, it was assumed that when the solution became over-saturated with 
respect to certain secondary species, they were precipitated out of solution.  
Eqns. 3.8 and 3.9 were implemented into the PHREEQC geochemical code as a kinetic reaction, 
however, to ensure a good fit to the experimental data, it was necessary to impose specific 
equilibrium controls on the reaction. Firstly, to ensure a good fit for Ca concentrations, the 
solution was considered to be in equilibrium with C-S-H (in an ideal solid solution with end 
member Ca/Si ratios of 0.8 and 1.6). Secondly, phillipsite-K, a K-containing zeolite, was assumed 
to be in equilibrium with the solution; this ensured a good fit for the Al solution data and helped 
to improve fits for K. To accurately model the Si data, it was also necessary to assume equilibrium 
with a K-bearing alkali-silica gel.  
The solution data were modelled according to Eqns. 3.8 – 3.10, by implementation in Phreeqc 






Chapter 4. Dissolution of Vitrified Simulant Nuclear Waste in 
Synthetic Cement Waters 
4.1. Introduction  
To better understand the long-term behaviour of nuclear waste glass in a cement-rich disposal 
environment, synthetic cement waters have been utilised. As described in Chapter 2, many 
previous studies have examined the effect of highly alkaline solutions on glass dissolution 
mechanisms using simplified solutions of NaOH, KOH and Ca(OH)2. However, few studies have 
investigated the role of cementitious leachates, which have a complex chemistry, containing 
multiple elements other than Na, K or Ca. A hardened paste of Portland cement is a porous 
medium; the pore water chemistry is dependent upon the solubility of the solid phases within the 
cement matrix. The evolution of pore water during cement leaching is well known; the first stage 
will be dominated by highly soluble alkali hydroxides (NaOH and KOH) creating a pH of > 13. 
In the second stage the pore solution chemistry will be controlled by the dissolution of Ca(OH)2; 
and in the third stage C-S-H gel, in particular, the Ca:Si ratio of that gel, will determine the pore 
solution chemistry. The pH is expected to reduce to around pH 10.8103. These values are also 
dependent on the type of groundwater in which the cement will leach; both UK and Belgian 
disposal concepts, where cement pore waters will come into contact with vitrified waste, are 
considering disposal in a clay geology, which is the focus of this Chapter. Within the UK a clay 
geology is one of a possible three options for the host rock in a geological disposal facility.  
 
The synthetic cement waters used as leaching media in this study have compositions that assume 
that a bulk cement specimen, upon contact with a clay groundwater, would generate solutions 
similar to those expected for Portland cement at three stages in time; young cement water, evolved 
cement water and C-S-H fluid (old cement water)15. The Belgian nuclear research organisation, 
SCK.CEN, developed a flow-through local equilibrium model, to define the near field porewater 
compositions for the Belgian supercontainer concept in a boom clay repository120,15. It was 
assumed that the pore water and the selected hydration products of cement (see Chapter 3) were 
in chemical equilibrium. As a function of time, effective components of the concrete were 
gradually eluted by the incoming Boom Clay pore water, which resulted in the evolution of the 
pore fluid  composition. The resulting compositions, given previously in Chapter 3 (Table 3.4), 
were applied in this study. While these are representative specifically of the Belgian Boom clay, 
the groundwater composition is also relevant to other clay geologies, including those in the UK, 
as outlined in Table 4.1. 
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 Table 4.1 Clay ground water compositions from the UK published by the British geological survey (BGS) and from 
Belgium by SCK.CEN.  
 
 
Clay ground water composition 
 BGS SCK  
Species Concentration Units 
Na+ 1.87 15.6  
K+ 0.33 0.2 
mmol L-1 
Ca2+ 2.11 0.06 
Mg2+ 0.84 0.06 
Si 0.35 0.1 
HCO3- 2.80 14.4 
Cl- 1.55 0.7 
SO4 1.92 0.02 
Al 3 x10-3 2 x10-5 
Fe 0.10 3 x10-3 
    
pH 6.7 8.5  
Eh 237 -274  
Temp 12.4 16 oC 
BGS124 Clay ground water chemistry from the 
Palaeogene of the Thames Basin UK 
SCK120 Boom Clay pore  water  
 
This Chapter describes the dissolution mechanisms and kinetics of HLW and ILW UK simulant 
nuclear waste glasses, Magnox waste glass (MW25) and laboratory borosilicate simulant (LBS), 
respectively, in four cement leachates: Young Cement Water; Young Cement Water with added 
Ca; Evolved Cement Water and; Old Cement Water. The reader is directed to Appendix II for the 
detailed solution compositions. Data are shown for a three month leaching period, from 
experiments utilising glass powder and monoliths at 50 oC (RWM, per. Comm.). Aqueous 





4.2. Results (MW25 and LBS in synthetic cement water 
systems) 
4.2.1. pH  
 Figure 4.1 pH(RT) measurements for blank solutions of synthetic cement waters, and MW25 & LBS glass 
powder exposed for 112 days, the dashed line highlights the target pH and is a feature to guide the eye 
 
The pH(RT) of all solutions remained above pH 10 throughout the experiment (Figure 4.1) 
indicating that they were free from carbonation by atmospheric CO2. In young cement water 
solutions (YCW and YCWCa), the blank and sample pH values were similar indicating that the 
cement waters acted as a buffer throughout the experiment. The average pH for the duration of 
the experiment for YCWCa was pH(RT) 13.01 ± 0.48 and for YCW was pH(RT) 13.50 ± 0.43. 
As expected, the pH of the evolved and old cement water solutions (ECW and OCW) was lower 
than that of the young cement water solutions; the target pH for ECW and OCW was 12.5 and 
<12, respectively, and the average pH over the duration of the experiments was measured as 
pH(RT) 12.30 ± 0.50 and pH(RT) 11.56 ± 0.26 for ECW and OCW, respectively. On day 70, a 
drop in pH was observed in the YCW and OCW systems; this is likely an outlier since both the 
blank and samples are anomalously low, and the data collected after this sampling point are in 
accordance with the expected trend. The two different glasses exhibited similar pH values in each 
of the solutions. 
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4.2.2. Dissolution Rate Determination for MW25 and LBS glass  
The dissolution rates were determined using the normalised mass loss of B and Li. Boron is often 
used for this purpose since it not retained in any of the glass alteration products125. However, 
studies by Depierre et al.91 and Utton et al.59 indicate that B may be retained by the formation of 
a secondary Ca-borate phase, such as colemanite (Ca2B6O11·5H2O) identified by Backhouse70, at 
the glass solution interface.56 This suggests that in Ca-containing, high pH solutions, it is 
preferable to use an alternative tracer element; however, since Li is not present in all glasses 
investigated in this thesis, the normalised mass loss of boron is also reported for consistency 
throughout. The normalised initial dissolution rates (NR0, g m-2 d-1) for both B and Li, were 
determined using a linear fit, for all solutions and glasses studied here, are outlined in  Table 4.2 
and Figures 4.2 to 4.5. It should be noted that the transition time for each condition into the 
“affinity-controlled” normalised dissolution regime (NRa, g m-2 d-1; i.e., where the dissolution rate 
slows due to the build-up of soluble species in solution, from the glass) is different, thus the time 
points between which the initial rate was calculated, is also stated. The figures in Section 4.2.3 
show that the normalised mass loss of B, Li, Si, Mg, Al and Na are not equal under any of the 
experimental conditions, indicating incongruent dissolution. The curves and trends observed for 
the normalised mass loss of B and Li are similar, however Li was released more rapidly into 
solution than B, supporting the previous hypothesis that this element may be involved in alteration 
layer formation.  
 Table 4.2 Rates (g m-2 d-1) of MW25 and LBS based on NR0 of B (top) and Li (middle), errors were calculated 
based on the standard error of the gradient. 
Initial Rates (Boron), NR0, g m-2 d-1 
Glass YCWCa YCW ECW OCW 
MW25 (6.97 ± 1.1) x10-2 (5.11 ± 0.1) x10-2 (0.62 ± 0.01) x10-2 - 
LBS (7.98 ± 0.7) x10-2 (4.52 ± 0.3) x10-2 (1.84 ± 0.1) x10-2 - 
Initial Rates (Lithium), NR0, g m-2 d-1 
Glass YCWCa YCW ECW OCW 
MW25 (17.68 ± 5.1) x10-2 (7.39 ± 0.1) x10-2 (0.94 ± 0.1) x10-2 - 
LBS (27.8 ± 6.8) x10-2 (12.75 ± 0.1) x10-2 (3.55 ± 0.3) x10-2 - 
YCWCa, 0-28 days       YCW, 0-32 days      ECW, MW 0-42 days & LBS 3-28 days 
 
Affinity-controlled dissolution rate (Boron), NRa, gm-2d-1 
  YCWCa YCW ECW OCW 
MW25 (1.77 ± 0.03) x10
-2 (1.43 ± 0.03 )x10-2 (0.45 ± 0.01) x10-2 (0.38 ± 0.04) x10-2 
LBS (3.73 ± 0.01) x10





 Glasses leached in the YCWCa solution (Figure 4.2) exhibited the greatest initial dissolution 
rates (NR0) based on NLB with values of (6.97 ± 1.12) x 10-2 g m-2 d-1 for the MW25 glass, and 
(7.98 ± 0.69) x 10-2 g m-2 d-1 for LBS determined between 1 and 28 d (Table 4.2). This is somewhat 
higher than the initial rates obtained by Utton et al75 in a saturated Ca(OH)2 solution for MW25 
and LBS; after the same time period, the reported dissolution rates were found to be 
(3.8 ± 0.3) x 10-2 g m-2 d-1 and (3.5 ± 4.8) x 10-2 g m-2 d-1 for MW25 and LBS, respectively. The 
initial rate values of Utton are more comparable with those obtained here for YCW; normalised 
initial dissolution rates were (5.11 ± 0.10) x 10-2 g m-2 d-1 for MW25 and 
(4.52 ± 0.3) x 10-2 g m-2 d-1 for LBS, as shown in  Figure 4.3. Once MW25 glass dissolution 
proceeded into the affinity controlled rate regime, a three times reduction in the dissolution rate 
compared to the initial rates for YCWCa and YCW was observed. LBS experienced a two times 
reduction in the dissolution rate upon entering the affinity controlled rate regime. For both MW25 
and LBS glass, the affinity controlled rate occurred sooner in YCWCa than YCW, 28 d compared 
to 32 d. 
 Figure 4.3 Normalised mass loss of B from MW25 (LHS) and LBS (RHS) in YCW, displaying rate equations. 
Errors calculated from the standard error of the slopes. 
 
Figure 4.2 Normalised mass loss of B from MW25 (LHS) and LBS (RHS) in YCWCa, displaying rate 





The average pH of the ECW solution was pH(RT) 12.30 ± 0.50. With a reduction in pH relative 
to the young cement solutions, the normalised initial dissolution rate would be expected to 
decrease because silica is less soluble at pH values close to neutral126. Figure 4.5 shows the initial 
normalised dissolution rate of MW25, calculated from a linear fit between 1 and 84 d, to be lower 
in ECW than that in the young cement leachates, giving a value of (0.55 ± 0.01) x 10-2 g m-2 d-1. 
The linear fit for LBS in this solution was applied between days 3 and 28, giving an NR0 of 
(1.84 ± 0.1) x 10-2 g m-2 d-1. Glass exposed to young cement waters and ECW proceeded to the 
affinity controlled rate regime, reducing the rate of dissolution by at least half. The normalised 
affinity controlled rate of dissolution in the OCW (Figure 4.4) was the lowest observed, this is 
likely due to a reduction in pH and changes in the solution chemistry. The classic rate drop regime 
(signifying the onset of affinity-controlled dissolution) was not observed in this data set, however, 
evidence from SEM EDX shows the formation of precipitate phases on the surface of a gel 
alteration layer indicating that solution saturation was achieved, despite the linearly increasing 
dissolution trend. Possible explanations for this behaviour will be discussed further in later 
sections. The affinity controlled rates were (0.38 ± 0.04) x 10-2 g m-2 d-1 for MW25 and 
(0.35 ± 0.01) x 10-2 g m-2 d-1 for LBS, as calculated over the duration of the experiment. 
Figure 4.5 Normalised mass loss of B from MW25 (LHS) and LBS (RHS) in ECW, displaying rate equations. 
Errors calculated from the standard error of the slopes. 
Figure 4.6 Normalised mass loss of B from MW25 (LHS) and LBS (RHS) in OCW, displaying rate equations. 
Errors calculated from the standard error of the slopes. 
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4.2.3. Normalised Mass Loss for MW25 and LBS glass  
Figure 4.6 describes the normalised mass loss of elements from MW25 and LBS glasses leached 
in YCWCa. The normalised mass loss of B showed a continual increase, making it difficult to 
identify the individual stages of glass corrosion. A plateau was not observed, but instead a steady 
increase in dissolution rate occurred between 84 and 112 d, from 2.58 ± 0.08 g m-2 to 
4.81 ± 0.11 g m-2 for MW25, and from 4.43 ± 0.08 g m-2 to 7.59 ± 0.58 g m-2, for LBS these 
trends indicate the possibility of a rate resumption. Utton et al75 reported the NLB of MW25 
glass in saturated Ca(OH)2 to be ~0.5 gm-2, which is a factor of 10 lower than observed here in 
YCWCa. Lithium followed a similar trend to B, however for MW25, a plateau was observed 
for NLLi between 70 and 112 d, this was not seen for LBS.  
 
Silicon was released readily from MW25 over the first 21 d, at which point the rate decreased 
somewhat but, overall, the NLSi continued to increase until the end of the experiment. There was 
a continual steady release of Si from the LBS glass throughout the course of the experiment, 
and no rate drop period was observed. After 84 d, grains of LBS exhibited a thicker alteration 
layer than MW25 (see Section 4.2.5). 
 
The NLAl was greater for MW25 than for LBS; aluminium was observed to increase in solution 
until 14 d for LBS and 21 d for MW25, after which time the concentration decreased in both 
solutions. EDX maps (Section 4.2.4. i.) indicated that the altered layer was rich in Al compared 
to the pristine glass, suggesting this to be a sink for soluble Al. The NLMg was very low for both 
glass compositions, as supported by EDX mapping (Figure 4.14), which revealed an enrichment 
of Mg in the altered region compared to the pristine glass.  
 
Since the YCWCa solution is mainly composed of NaOH, the NLNa from the glass was difficult 
to calculate due to high background levels of Na in solution. Nonetheless, both glasses were 
observed to release Na into solution continuously.  
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Figure 4.6 Normalised mass loss of elements from MW25 and LBS exposed to YCWCa for 112 days, g m-2. 






Figure 4.7 shows the normalised mass loss of elements from MW25 and LBS glasses exposed to 
young cement water (YCW) without the addition of Ca; the initial dissolution rate was somewhat 
lower in this solution than in YCWCa discussed above ( Table 4.2). The NLB  increased until 56 d 
for both glass compositions, after which point it became fairly constant, giving an NLB at 112 d 
of 3.37 ± 0.05 g m-2 and 2.51 ± 0.04 g m-2 for MW25 and LBS, respectively. The NLLi were quite 
different to those for B and there was a greater amount of Li released from LBS than from MW25. 
The maximum NLLi values were 6.27 ± 0.14 g m-2 and 9.09 ± 0.31 g m-2 for MW25 and LBS.   
 
Silicon was released from both glasses continuously throughout the experiment, and LBS released 
a greater amount of Si than MW25, reaching a maximum NLSi at 56 d of 5.11 ± 0.07 g m-2. In 
comparison, the maximum NLSi for MW25 was 1.65 ± 0.07 g m-2 at 70 d.  
 
As can be seen in Figure 4.7, the NLAl followed different trends for MW25 and LBS; MW25 
increased initially from 1.2 ± 0.1 to 1.8 ± 0.02 g m-2, followed by a decrease to 1.14 ± 0.02 g m-2 
until the end of the experiment, while for LBS, there was continued removal of Al from solution 
(excluding the data point at day 56 which is an anomaly); the EDX data associated with these 
samples show Al present in the alteration products (Figure 4.17 & Figure 4.34). The NLMg was 
very low for both glass compositions, but showed a steady increase from day 1 to 84 for both 
MW25 and LBS. 
 
The NLNa values were found to be within the same range as the results obtained in YCWCa 
solution.  The MW25 and LBS values were similar until 56 d, after which time the values 
decreased, indicating that either Na dissolution had ceased, or that Na was being removed from 
solution. EDX mapping revealed a depletion in Na relative to the pristine glass, supporting the 




Figure 4.7 Normalised mass loss of elements from MW25 & LBS exposed to YCW for 112 days, g m-2. An 
anomalous data point NLMg on day 70 has been removed. Errors were calculated using the standard 








In the ECW solution (Figure 4.8) the solution chemistry showed a steady release of B from the 
glasses, although the final value of NLB was lower for MW25 than for LBS, giving values of 
(3.83 ± 0.01) x 10-1 g m-2 and (8.57 ± 0.9) x10-1 g m-2, respectively. The NLLi showed a similar 
trend to that of B for both glass compositions, with greater overall releases of 
(7.58 ± 0.8) x10-1 g m-2 and (9.38 ± 2.1) x10-1 g m-2 for MW25 and LBS.  
 
The NLSi was three orders of magnitude lower than that obtained in YCWCa and YCW (Figure 
4.6 and Figure 4.7). There was a significant difference between the two glasses, with MW25 
demonstrating an extremely low NLSi of (0.013 ± 0.06) x 10-1 g m-2, compared with 
(2.21 ± 0.36) x 10-1 g m-2 for LBS, on day 112. EDX mapping suggests an enrichment in Mg in 
the alteration layer of MW25, which may be the cause of the low NLSi values; this will be 
discussed further in Section 4.2.4. iii. The concentration of Mg in solution was very low, however, 
the NLMg increased for both glasses until it reached a plateau at around 70 d. NLAl from the MW25 
glass increased over the first 28 d, before decreasing and then increasing once again. EDX 
mapping (Section 4.2.4 and 4.2.5) showed no enrichment of Al in the altered zone, thus the 
apparent decrease in solution may be a result of the concentration being close to the detection 
limit of the instrument. The maximum NLAl obtained for MW25 was (1.86 ± 0.1) x 10-1 g m-2 at 
84 d and (1.81 ± 0.02) x 10-1 g m-2 at 50 d for LBS.   
 
The NLNa increased for both glass compositions, reaching a plateau at around 28 d for LBS, while 





Figure 4.8 Normalised mass loss of elements in MW25 & LBS exposed to ECW for 112 days, g m-2. Errors 







Corkhill et al61 observed an incubation period for Si dissolution in Ca-rich solutions. They 
proposed that high Ca concentration in solution prevented the release of Si, however once enough 
Ca had been removed from solution, Si dissolution was favoured. The LBS glass sample dissolved 
in ECW exhibited a similar delay in the release of Si to solution (Figure 4.8), which was correlated 
with the decrease in Ca concentration, shown in Figure 4.9. After 28 d, the Ca concentration 
dropped to 14.65 ± 2.0 mg L-1 suggesting that Ca was incorporated into a hydrated amorphous 
silicate layer in this glass, in agreement with EDX maps (Figure 4.20c). Conversely, for MW25 
glass, the concentration of Ca in solution decreased much more slowly; by 28 d it was 
240 ± 19 mg L-1 and by the end of the experiment it reached 40.5 ± 6.8 mg L-1. It is postulated 
that the high Ca concentration over the first half of the experiment led to Ca-rich precipitates on 
the surface of the glass restricting the dissolution of the glass hence the very low Si release despite 
the pH of the solution remaining at ~ pH(RT) 12.3 ± 0.5. This is in agreement with SEM 
micrographs and elemental analysis discussed later (Section 4.2.4, Figure 4.20). 
Figure 4.9 Ca concentration in the Blank, MW25 and LBS solutions of ECW. Errors were calculated using 





The normalised mass loss data for MW25 and LBS exposed to OCW is outlined in  Figure 4.10. 
A continuous increase in the amount of B was observed during the experiment, with the maximum 
occurring at 112 d at NLB values of 0.78 ± 0.03 g m-2 and 0.36 ± 0.02 g m-2 for MW25 and LBS, 
respectively. The NLB values for MW25 and LBS have greater deviation from one another from 
84 d onwards. The NLLi was in good agreement with the NLB. 
 
Silicon exhibited a similar trend in OCW as ECW (with NLSi values significantly lower than in 
the young cement water compositions). However, in OCW, the NLSi of both glasses were similar, 
albeit LBS was a little higher than MW25, with NLSi values of 0.11 ± 0.001 g m-2 and 
0.37 ± 0.04 g m-2 at 112 d for MW25 and LBS, respectively. Very little Mg or Al was released 
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from either glass; the NLMg remained near zero for the duration of the experiment (the data point 
at 84 d is, within error)  and the solution chemistry indicated that  < 0.1 g m-2 Al was released. A 
greater amount of Na was released from LBS than MW25, with NLNa values of (2.57 ± 0.21) g m-2 
for MW25 and (3.61 ± 0.31) g m-2 for LBS.  
 Figure 4.10 Normalised mass loss of elements from MW25 and LBS glass exposed to OCW. Errors were 







4.2.4. Alteration Layer and Secondary Phase Formation on MW25 glass  
Figure 4.11 shows the XRD patterns for unreacted MW25 glass, and MW25 subjected to each of 
the four synthetic cement water solutions investigated, for 84 d. Analysis of pristine MW25 gives 
rise to an  amorphous diffraction pattern in addition to crystalline RuO2 (PDF 00-040-1290), 
which is known to readily crystallise from the glass after melting127. After leaching in YCWCa, 
it was possible to discern diffraction peaks for calcite (CaCO3, PDF 00-001-0837) and C-S-H 
(CaOSiO2H2O), PDF 00-033-0306) and after leaching in YCW, C-S-H and portlandite (Ca(OH)2, 
PDF 00-004-0733) were observed. Leaching in ECW resulted in the formation of portlandite, 
C-S-H and SiO2 (PDF 01-082-1573), while leaching in OCW resulted in the formation of calcite 
only. Since the detection limit of XRD for phase identification is low, and it is difficult to observe 
phases present in concentrations of < 3 wt %, further analysis by micro- and nano-scale techniques 
was performed to better understand the chemical composition and physical nature of the alteration 
layers. 
Figure 4.11 Diffraction patterns of MW25 glass powder before dissolution and after leaching in YCWCa, 




The altered layer thickness of the MW25 glass increased in all solutions except for the YCW 
solution, which rapidly (after 7 d) formed a 5 µm thick layer. This remained constant in thickness 
until 84 d (Table 4.3). This suggests that solution saturation may have occurred very rapidly in 
this solution and that either no further alteration occurred, or the layer was continually dissolving 
and re-organising for the duration of the experiment. Slow but continued boron and lithium release 
would suggest the latter. MW25 glass dissolved in young cement waters (YCWCa and YCW) 
exhibited thick alteration layers, while MW25 glass exposed to evolved and old cement waters 
had much thinner alteration layers, as shown in Table 4.3. 
Table 4.3 Average total altered layer thickness determined by ~ 50 line measurements on 8 grains. 
Average Total Layer Thickness, μm 
Time, days MW25_YCWCa MW25_YCW MW25_ECW MW25_OCW 
7 1.59 ± 0.25 4.79 ± 0.59 0.49 ± 0.04 0.62 ± 0.10 
21 3.06 ± 0.31 3.12 ± 0.33 0.49 ± 0.04 0.61 ± 0.08 
56 4.09 ± 0.71 2.90 ± 0.37 0.86 ± 0.32 1.11 ± 0.43 
84 4.62 ± 0.43 3.93 ± 0.57 2.40 ± 0.58 1.32 ± 0.37 
 
Using the initial dissolution rate for B, discerned from Figures in Section 4.2.2, it was possible to 
calculate the expected altered layer thickness according to Equation 4.1, making the assumption 
that the glass alteration layer has the same density as the glass. 
 
𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (µ𝑚) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑔 𝑚−2𝑑𝑎𝑦−1)
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑔𝑙𝑎𝑠𝑠 (𝑔 𝑚−3)
× 𝑇𝑖𝑚𝑒 (𝑑𝑎𝑦𝑠) 
Eqn. 4.1 
 
The calculated thickness was shown to be less than the measured values in all solutions except 
OCW where the calculated value was overestimated by 40 %. It is expected that the measured 
values should be more than the calculated values since the calculation only accounts for elemental 
losses from the glass and does not consider that elements are removed from the hyper alkaline 
leachate and incorporated into the alteration layer increasing the thickness. The opposite trend 
was observed in OCW and could indicate that the glass was not dissolving at the initial rate for 
the entire duration of the test. It is not considered that these data are indicative of rate resumption 
(where the gel layer is dissolved) since the gel showed no signs of elemental depletion and because 
the average thickness values increased from 0.62 ± 0.1 μm to 1.32 ± 0.3 μm between days 7 
and 84. Furthermore, secondary phases were identified by TEM (Figure 4.25) indicating the glass 






Figure 4.12 Calculated and measured total altered layer thickness for MW25 glass powder after 84 days in 




SEM images of the MW25 glass grains dissolved in all of the synthetic cement solutions show 
altered layers with little or no de-lamination of the altered layer, indicating good sample 
preparation (Figure 4.13). Despite the samples having ~20 nm of carbon coat, carbon paint and 
copper tape to reduce charging, some charging was observed even at low (5 kV) energy.  The 
glass grains dissolved in YCWCa and YCW (Figure 4.13 a and c) showed a thick altered layer.  
The contact between the altered layer and the epoxy resin was sharp however, in the ECW, this 
was not the case, and an irregular layer was observed partially surrounding grains (Figure 4.13e, 
highlighted with a yellow line). This is suggestive of the mass precipitation of secondary phases 
in ECW that was not observed in the other solutions. By comparison with the PhD thesis of 
Backhouse (2017)70 this region is likely composed of C-S-H precipitates; EDX spot maps confirm 
this and give a Ca:Si ratio of  1.93. OCW had the least altered glass grains, the average total 
altered layer thickness after 84 d was 1.32 ± 0.37 μm (Table 4.3). A dense layer was not identified, 
merely a small change in the grey scale indicating a change in the topological profile. 
At higher magnification (Figure 4.13 b, d, f & h) the morphological differences in the alteration 
products formed as a result of each solution can be seen more clearly. Young cement waters 
(YCWCa and YCW Figure 4.13 b and d) had an alteration layer comprised of two regions: the 
first was a thick gel layer ~6 µm wide for YCWCa and ~ 4.6 µm on the YCW sample, the second 
was different in the two solutions; composed of aggregates of precipitates in the YCWCa solution 
and fibrous or very porous phases in the YCW solution. In both cases the second region was 
~ 1.5 µm in thickness. Glass exposed to ECW (Figure 4.13f) showed three distinct regions: i) the 
region closest to the pristine glass appeared to be less dense when compared to the other parts of 
the layer; ii) the thick outer region appeared to be more dense; and iii) the outer rim which was a 
thin dense band on the outside of the whole alteration layer. MW25 dissolved in OCW solution 
(Figure 4.13h) exhibited the thinnest alteration layer of all the solutions, with a complex 
morphology (described further below).  
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Figure 4.13 Secondary electron micrographs of MW25 glass grain after 84 d leaching; a & b YCWCa, c & 
d = YCW, e & f = ECW, g & h = OCW, images a, d, f, and h are at x10,000 magnification and the pristine 
glass is located on the left of each image.  
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i. MW25 exposed to YCWCa solution 
A dense gel layer was observed with two regions; a dense inner region, labelled “1” in Figure 4.14, 
and a less dense outer region labelled “2”. The entire altered region (Layers 1 and 2 combined) 
was depleted in Na and Si relative to the pristine glass and significantly enriched in K (Table 4.4). 
Despite the semi-quantitative nature of these measurements, the very high alkali content (17 at % 
K) implies that this layer is a K-rich alkali silica gel, with the source of K being from the solution. 
Elemental spot maps (Table 4.4) of the surface layers indicated that Layer 2 was composed of C-
S-H precipitates with a Ca:Si ratio of 0.58. This is within the accepted Ca:Si range of C-S-H, 
which has end members with a Ca:Si from 0.5 to 2.5128,58. In contrast, Layer 1 had a much lower 
Ca:Si ratio, of 0.13, and also contained significant quantities of K, Al, Mg and Na. The Mg content 
in the Layer 1 was higher than in the C-S-H layer; this is in agreement with NLMg data for this 
solution (Figure 4.7), which showed an initial release and subsequent plateau. 
 
Table 4.4 SEM F50 EDS spot maps associated with Figure 4.14, giving the average elemental composition, 








Figure 4.14 SEM EDX analysis of MW25 grain exposed to YCWCa for 84 d; a) BSE image with labels 






A focused ion beam (FIB) section was prepared from an MW25 glass grain, across the boundary 
between the glass and the alteration layer. The bright field and dark field TEM images shown in 
Figure 4.15 indicate delamination of the altered layer from the pristine glass. The gel was 
approximately 1.96 µm thick with an average pore diameter of 2.57 nm (see Chapter 3 for image 
processing methods to determine porosity and associated error analysis) and a thin band of 
precipitate on the surface ~ 550 nm thick. Selected area diffraction (SAED) analysis (Figure 4.16) 
revealed that the gel and precipitate were amorphous, however, it cannot be ruled out that the 
electron beam amorphized fine precipitates at the surface of the glass. The EDS data shown in 
Figure 4.16 provides insight into the composition of the regions; the gel and precipitates were 
composed of elements indicative of an alkali silica gel, with an alkali(s) to silica ratio 
([Na,K,Ca]:Si) of 0.45 and 0.40, respectively. Both the gel layer and precipitate were enriched 
with Mg relative to the bulk glass, with ~3 at % and ~12 at % more Mg than in the glass, 
respectively. Additionally, the precipitate contained a significant quantity of Fe (4.6 at %).  
Figure 4.15 MW25 FIB sample post-dissolution in YCWCa, bright and dark field TEM images. 
 
 
Figure 4.16 MW25 FIB section post-dissolution in YCWCa, SAED and EDS given in atomic % for elements 





ii. MW25 exposed to YCW solution  
Magnox waste glass exposed to YCW without the addition of Ca exhibited corrosion products of 
a similar morphology and elemental distribution as MW25 glass exposed to YCWCa. The 
micrographs in Figure 4.17 show the thick uniformed alteration layer surrounding the pristine 
glass.  
Using elemental mapping at higher magnification, three distinct layers were observed 
(Figure 4.17). Layer 1 appeared dense, enriched with K from solution (8.87 at %), relatively Si-
rich (although somewhat depleted with respect to the pristine glass) and depleted in Na relative 
to the pristine glass. This composition is suggestive of a K-rich alkali silica gel. Layer 2 was 
~0.52 µm in thickness and could be distinguished by an enrichment in Mg content (Table 4.5). 
Layer 3 contained Al, Ca, K, Na and Si and had a “fluffy” morphology, suggestive of 
precipitation.  
 
Table 4.5  SEM F50 EDS spot maps associated with Figure 4.17 average elemental composition, at % of 














Figure 4.17 SEM  EDS analysis  of MW25 grain exposed to YCW for 84 d; a) BSE image with labels indicating 







A FIB sample was taken from a MW25 glass grain embedded in epoxy for TEM analysis. 
Delamination of the alteration products can be observed in the bright and dark field images of the 
FIB section (Figure 4.18). A gel ~1.68 µm thick was observed on the surface of the unaltered 
glass, upon which a precipitate layer 0.46 µm thick resided. The precipitate appeared to have 
similar morphology to that seen in the YCWCa solution (Figure 4.15), however, the diameter of 
pores in the gel was generally smaller at  1.29 nm. The glass and alteration products were found 
to be amorphous in nature as determined by SAED, shown in Figure 4.19 (although amorphization 
of the precipitates by the electron beam cannot be ruled out). The elemental data from EDS 
measurements indicated that the gel was composed of an alkali silica gel that was rich in Mg. The 
precipitate phase was significantly enriched in Mg (17 at % above that in the bulk glass) and, 
similarly to the MW25 exposed to YCW, was also enriched in Fe, at 2.2 at %. Mg-rich alteration 
products were not observed in the XRD (Figure 4.11), but traces were identified in the SEM EDS. 
 
Figure 4.18 MW25 FIB section post-dissolution in YCW, bright and dark field images of the section and 
high magnification images of the gel and precipitates 
 
 
Figure 4.19 MW25 FIB section post-dissolution in YCW, SAED on areas of interest and EDS at % of the 




iii. MW25 exposed to ECW solution  
The evolved cement water solution is significantly different in composition to the young cement 
waters previously described, being composed mainly of Ca and Na hydroxides with only a small 
amount of KOH (see Chapter 3, Section 3.1.2). This compositional difference in the solution 
resulted in significantly different alteration layer phases and morphologies. A thick, dense, 
uniform gel layer was no longer observed, and leaching in ECW lead to the formation of a thin 
gel band surrounding the glass grains. An additional outer region of alteration products was 
formed, which also contained a number of nodule-like features (Figure 4.13e).  
 
Figure 4.20a demonstrates the presence of three alteration layers on the surface of a MW25 glass 
grain leached in ECW solution. Layer 1, closest to the pristine glass, was thin and enriched in Fe 
and Mg, which were contained in thin needle-like crystals, which were loosely packed but not 
detected by XRD (Figure 4.11). Layer 2 contained soluble glass elements (Fe, Al, Si and Zn), 
with no other alkali ions contributing significantly to this layer other than Ca, which was highly 
enriched, in accordance with observed removal from solution (Figure 4.9). The Ca:Si ratio of this 
Layer was 1.94 (Table 4.6), which may indicate the presence of a Ca-silica gel or C-S-H 
precipitates. Large Ca-rich crystals were observed in this layer, confirmed by XRD to be 
composed of calcite and portlandite (Figure 4.11). Layer 3 comprised Ca and Si only, and may 
be responsible for the formation of the Ca-bearing crystals within Layer 2; such a layer may 
prevent elements released during glass dissolution from being adequately transferred away from 
the interface towards the bulk solution, resulting in the formation of crystal nucleation sites, 
forming crystals. Such behaviour was previously observed by Dohmen et al129 for a Si-rich rim. 
This is the first evidence for the same behaviour in a Ca-Si-rich rim.  
Table 4.6 SEM F50 EDS spot maps associated with Figure 4.20 average elemental composition, at % of each 






Figure 4.20 EDS analysis  of MW25 grain exposed to ECW for 84 d; a) BSE image with labels indicating 










Crystal-like features observed in the SEM were also seen in the TEM FIB section of the same 
glass, shown in  Figure 4.21. The top of the image shows the pristine glass with alteration products 
residing on the surface of the glass with the bottom region of the section glass from another grain. 
Key features include a porous gel, ~ 0.48 µm thick, in direct contact with the glass, a large region 
(~ 1.78 µm thick) of needle-like precipitates, and a region comprising of two gel-like bands. The 
total thickness of both bands was 0.54 µm with some separation in middle, and the average (mode) 
diameter of pores in the gel was determined to be 0.45 nm. Diffraction patterns of each region 
indicated that the gel products were amorphous, however, the boundary between the gel and 
needle-like precipitate exhibited crystallinity and the needle-like precipitate has also been 
identified as crystalline. The gel layer closest to the pristine glass (location 1 in Figure 4.22) was 
rich in Ca and Si, with a Ca:Si ratio of 0.70. The dense precipitate (location 2) had some Si present 
but was dominated by Ca and, as such, the Ca:Si ratio was 5.23. The needle-like precipitate 
(location 3) was identified as a C-S-H phase with a Ca:Si  ratio of 2.16. This is close to the value 
obtained from SEM EDS of a similar feature (Figure 4.20 spot 29 Ca:Si ratio of 1.94). 
 Figure 4.21 MW25 FIB section post-dissolution in ECW, bright field and dark field images of alteration 
products on the surface of the glass 
 
Figure 4.22 MW25 FIB section post-dissolution in ECW, SAED of regions of the alteration products, EDS 




iv. MW25 exposed to OCW solution  
MW25 glass grains exposed to OCW, which is composed of Na and Ca hydroxide in addition to 
sodium sulphate and calcium carbonate, are shown in Figure 4.13 g and h. The average pH of this 
solution was pH(RT) 11.56 ( Figure 4.1) and the grains exhibited the lowest amount of corrosion 
as determined by the average alteration layer thickness (Table 4.3). The micrographs in Figure 
4.23 provide a representative example of the grains exposed to OCW for 84 days. A very thin 
alteration layer was observed to surround the glass grains, and at the magnification employed, 
there was no evidence for an alkali-silica gel or precipitates. Elemental maps (Figure 4.23) from 
the FE-SEM also do not provide enough detail at x10,000 magnification to identify the 
composition of any layer. A slight enrichment in Ca is suggested from spot EDX of the layer 
(Table 4.7), however it should be noted that the spot is considerably larger in size than the layer, 
thus this may not be strictly representative of the layer chemistry. 
 
Table 4.7. SEM F50 EDS spot maps associated with Figure 4.23 average elemental composition, at % of 





Figure 4.23 SEM  EDS analysis  of MW25 grain exposed to OCW for 84 d;; a) BSE image with labels 
indicating alteration layers and spots at % listed in Table 4.7, b) spectra associated with spots on Fig a, 










In contrast to the SEM images, high resolution TEM bright and dark field images 
(Figure 4.24 & 4.25) showed two bands of alteration products residing on the surface of the 
pristine glass; the first was a gel-like layer ~ 0.2 µm thick, close to the pristine glass, with a Ca:Si 
ratio of 0.2. The precipitate on the outer surface was 0.3 µm thick and had an alkali:Si ratio of 
0.19. The major component of this region was Mg, which showed an enrichment of +12.2 at % 
when compared with the bulk glass (Figure 4.25). Visually the pores in the gel layer appeared to 
be smaller when compared to those in the precipitate layer, however, there was very little 
difference when calculated; the average pore diameter in the gel was 0.45 nm.    
Figure 4.24 MW25 FIB Section post-dissolution in OCW, bright and dark field images of the alteration 
products present on the surface of the glass 
 
Figure 4.25 MW25 FIB section post-dissolution in OCW, SAED of regions of the glass and alteration 





4.2.5. Alteration Layer and Secondary Phase Formation on LBS glass  
Alteration layers were present on the majority of LBS glass grains in each of the dissolution 
media. The alteration layers observed on glass exposed to OCW showed a small uniformed layer, 
close to the pristine glass, while in ECW the layer was much less uniform and was significantly 
thicker. The alteration layers on glass exposed to the YCWCa and YCW were uniform and thick. 
X-ray diffraction (Figure 4.26) of the glass grains indicated that, despite the presence of thick 
alteration layers, they appeared to be largely amorphous. Mineral phase identification should be 
considered as plausible but not guaranteed, as a number of the major peaks from these minerals 
may have been suppressed due to the amorphous nature of the samples. Dissolution in YCWCa 
left portlandite (Ca(OH)2; PDF 00-004-0733) on the surface of LBS glass grains, and in the 
diffraction pattern for LBS dissolved in YCW,  C-S-H (CaO-SiO2-H2O; PDF 00-033-0306) was 
identified. For glass dissolved in the ECW solution, peaks were identified that have been 
attributed to calcium aluminium oxide carbonate hydrate (3CaO·Al2O3·CaX.nH2O; PDF 00-036-
0377), hydrotalcite (Mg6Al2CO3(OH)16·4(H2O); PDF 00-014-0191) in addition to portlandite and 
C-S-H. This correlates with SEM EDS spot maps and TEM EDS maps of nodules found to be 
embedded in the alteration layer (see Section 4.2.5 iii). The thin alteration layer on LBS exposed 
to OCW did not reveal any crystalline diffraction peaks and the x-ray diffraction pattern post-
leaching was very similar to the glass before corrosion. 
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The average total altered layer thickness was calculated based on thickness measurements of at 
least 5 grains of glass per time point, as outline in Table 4.8. These were imaged using a FE-SEM 
and the alteration layer was measured using image software (image J). Approximately 50 line 
measurements were made around the perimeter of each grain and the average was tabulated 
(Chapter 3).  
Table 4.8 Average total altered layer thickness determined by ~50 line measurements on 8 grains. 
 
Average Total Layer Thickness, µm 
Time, 
days 
LBS YCWCa LBS YCW LBS ECW LBS OCW 
7 2.00 ± 0.18 2.01 ± 0.18 0.21 ± 0.02 1.98 ± 1.51 
21 3.52 ± 0.28 4.69 ± 0.85 2.68 ± 1.09 0.79 ± 0.22 
56 3.28 ± 0.74 5.42 ± 0.42 5.38 ± 0.38 1.59 ± 0.75 
84 7.58 ± 1.26 7.40 ± 1.20 3.24 ± 0.63 1.04 ± 0.16 
There was a discrepancy between the calculated altered layer thicknesses compared to the 
measured values (Figure 4.27). Measurements were made on grains that were easy to visualise 
and measure, this will have led to bias in the measurement. Additionally, the initial rate used to 
make the calculation considers the amount of B released into solution, and does not account for 
the formation of gel layers or secondary phase precipitates from the solutions. 
Figure 4.27 Calculated and measured total altered layer thickness for LBS glass powder after 84 days in 






Figure 4.28 clearly depicts thick alteration layers present on the surface of LBS glass particles. 
Dissolution in YCWCa (Figure 4.28a) resulted in the formation of a uniformed gel layer with an 
average thickness of 7.58 ± 1.26 µm (Table 4.8) with no evidence of delamination, indicating that 
the layer was well-adhered to the pristine glass. At greater magnification (Figure 4.28b) two 
distinct regions are visible; Layer 1 was a thick gel-like layer next to the pristine glass while    
Layer 2 resided on top of the gel and interfaced with the solution. The latter was a thin layer with 
a rough morphology. 
 
The example shown for YCW (Figure 4.28c) clearly depicts a thick altered layer of similar 
thickness to YCWCa, giving an average value of 7.40 ± 1.20 µm. Cracks were observed for this 
glass in YCW, which ran perpendicular to the pristine glass; these likely formed during drying, 
due to differential stresses34. At 10,000 times magnification the alteration layer on YCW (Figure 
4.28d) was observed to comprise a thick gel layer, and the outer most surface that interfaced with 
the solution was thin but appeared to be composed of a high surface area precipitate, similar to 
that observed on the outer layer of the glass dissolved in ECW, albeit lower in quantity. 
 
The alteration layer on grains of LBS exposed to ECW solution (Figure 4.28e) was of a different 
morphology to the young cement water solutions; the average thickness was 3.23 ± 0.63 µm and, 
like the MW25 glass exposed to the same solution, it was not smooth or uniform, and the thickness 
was not consistent around the entirety of the particle. Furthermore, the outermost region of the 
layer that directly interfaced with the solution had nodules that were significantly enriched with 
Ca as determined by EDS analysis on FIB-TEM samples (see below). A thin (0.14 ± 0.16 µm), 





Figure 4.28 Secondary electron micrographs of LBS glass grain after 84 d leaching; a & b YCWCa, c & d 
= YCW, e & f = ECW, g & h = OCW, images a, d, f, and h are at x10,000 magnification and the pristine 
glass is located on the left of each image.  
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i. LBS exposed to YCWCa solution  
Elemental maps (Figure 4.29 & 4.33) of the altered zone show two layers present on LBS exposed 
to YCWCa solution. Layer 1 was dominated by K (Table 4.9), indicating that K removed from 
the solution became a major contributor to the alteration layer. There was also enrichment of Al, 
Ca, Fe, Mg, Si and a depletion of Na in this layer, suggesting that this layer can be considered a 
K-rich alkali-silica gel, with contributions from other alkali elements. Layer 2 was enriched in Ca 
with isolated regions of portlandite, as identified in spot 7 on Figure 4.29 and confirmed by XRD 
(Figure 4.26). The bright spots in the back scattered image are indicative of high z contrast 
elements, which are consistent with the presence of Fe (Table 4.9). 
 
Table 4.9 SEM F50 EDS spot maps associated with Figure 4.29 average elemental composition, at % of 






Figure 4.29 SEM  EDS analysis  of LBS grain exposed to YCWCa for 84 d; a) BSE image with labels 














A FIB sample was taken from the altered region of a grain of LBS glass exposed to YCWCa 
solution for analysis by TEM. The grain selected exhibited a much smaller altered layer than that 
observed for many of the other grains exposed to this solution; the average thickness of the altered 
layer in the FIB section was 1.23 ± 0.8 µm. Figure 4.30 and 4.31 highlight the morphology of the 
outermost alteration products that interfaced with the solution. There are several distinct features 
to note; at the boundaries of the gel layer, which is 1.05 ± 0.8 µm thick, a dense rim separates this 
layer from a series of needle-like ribbons, as can be seen in Figure 4.30c and d. The average 
(mode) pore diameter within gel layer was 7.55 nm. Within the layer of fine needle-like ribbons, 
a nodule resided. Selected area diffraction (SAED) spots taken in different regions of the FIB 
section, including the needle-like ribbons (see region labelled “5”, Figure 4.32), indicated that 
most of the altered layer was amorphous, which may be due to damage from the electron beam. 
The nodule (region labelled “4”, Figure 4.32) produced a crystalline diffraction pattern that was 
identified as calcite. The source of carbonate is thought to originate from the solution that 
contained CaCO3 (Chapter 3). It is possible that the needle-like ribbons are amorphous precursors 
to the formation of clay – like minerals; Abrajano et al.74 identified similar ribbons as smectite 
phases (saponite, Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2·n(H2O)) on nuclear waste glass after 
dissolution in deionised water at 90 oC. 
Elemental maps (Figure 4.33) of the FIB section showed that the gel layer was similar in 
composition to that of the bulk glass, and confirm the SEM spot analysis that the gel is composed 
of alkali elements K and Na. The ribbon-like needles appeared to be enriched in Mg, supporting 
the hypothesis that they may be a clay-like precursor or mineral. The nodule was rich in Ca, 
confirming the SAED identification of calcite.  





Figure 4.31 TEM (Techni) bright & dark field images of the alteration region on LBS exposed to YCWCa 








Figure 4.32 TEM (Techni images) and SAED of LBS after leaching in YCWCa for 84 d. 
  












ii. LBS exposed to YCW solution  
Alteration layers on the surface of LBS glass grains after leaching in YCW appeared similar to 
those exposed to YCWCa solution. Thick uniformed altered layers were observed to surround the 
grains of glass. At ~x10,000 magnification, (Figure 4.34) multiple layers were apparent. Layers 
1 and 2 were composed of K, Si, Mg and Fe, with a small amount of Na, thus are identified as an 
alkali-silica gel (Figure 4.34c). Both layers had a similar composition, indicating that they are 
single delaminated layer. Layer 3 was thin and gel-like and was composed of the same elements 
as in Layers 1 and 2 (albeit at lower apparent concentrations).  
 
Table 4.10 SEM F50 EDS spot maps associated with Figure 4.34 average elemental composition, at % of 











Figure 4.34 SEM EDS analysis of LBS grain exposed to YCW for 84 d; a) BSE image with labels indicating 












TEM analysis of a small part of the alteration layer, provided high resolution, high magnification 
images that indicated regions of varying density throughout the layer. Figure 4.35 a to d show the 
varying morphology of the alteration products. The pore diameter in the gel layer was 1.25 nm 
based on Figure 4.35b. Three distinct morphologies were observed: i) a sponge-like gel, similar 
to alkali-silica gels observed in the literature130 (see SAED spot “3”, Figure 4.36); ii) a dense band 
close to the glass with a wispy morphology (see SAED spot “6”,Figure 4.36) and iii) a gel-layer 
immediately between the pristine glass and the layer with wispy morphology (see SAED spot “2”, 
Figure 4.36). Selected area diffraction across the FIB sample, confirmed that all spots (1-9) 
exhibited diffuse scattering. The bright region at the top of the micrograph is a hole due to damage 
incurred by the electron beam. Figure 4.37 shows the TEM elemental maps and, as for the 
SEM/EDX mapping (Table 4.10 and Figure 4.34), the composition of the alteration products were 
not dissimilar to that of the bulk glass. The gel layer observed between the glass and the wispy 
layer (Spot 2, Figure 4.36) had an enrichment of K and Na. The wispy features were composed 
of Al, Ca, Fe, K, Mg, Na, O and Si. Additionally, an outer layer rich in Al, O and Si was observed 
in the EDX maps. 





Figure 4.36 SAED of 9 regions of interest on  LBS post leached in YCW for 84 d, diffraction patterns for all 
9 spots were amorphous, the pattern for regions of distinct morphological differences are shown above. 
 
 







iii. LBS exposed to ECW solution  
Exposure of the LBS glass to ECW solution resulted in the formation of an altered layer that was 
at least half the thickness of those observed in the YCW systems. The average thickness was 
3.24 ± 0.63 µm (Table 4.8). The morphology was quite different from that observed for the other 
solutions; the majority of grains measured exhibited nodules in, or on, the alteration layer. Each 
of the LBS glass grains shown in Table 4.11 had a non-uniform layer; in the micrograph on the 
left, the broken surface of the grain can clearly be seen with a layer that has areas of precipitates. 
The micrograph on the right also shows the presence of nodules. 
The SEM images shown in Figure 4.38 show the nodules at higher magnification and also show 
that the interface of the alteration layer with the solution was rough. A gel-like layer close to the 
pristine glass was also observed (Layer 1), which had a composition similar to that of the pristine 
glass with a slight enrichment in Ca compared to the bulk glass, with a Ca:Si ratio of 0.11. 
Nodules, composed of Ca and Si (Table 4.11) were located on top of the gel-like layer, and the 
rough morphology on the outermost surface was composed of material that was enriched in Al, 
Mg, O and Si. The presence of a significant enrichment in Ca is in agreement with the removal 
of Ca from solution observed for this solution (Figure 4.9) and is indicative of the formation of a 
alkaline earth-silica gel. 
Table 4.11  SEM F50 EDS spot maps associated with Figure 4.38 average elemental composition, at % of 





Figure 4.38 SEM EDS analysis of LBS grain exposed to ECW for 84 d; a) BSE image with labels indicating 
alteration layers and spots at % listed in Table 4.11, b) spectra associated with spots on Fig a, c) elemental 
maps. 
 







The FIB section selected for the LBS sample exposed to ECW solution (Figure 4.39) showed 
glass on the left hand side of each image and alteration products on top of the glass. Several 
distinct regions were observed: firstly a gel-like layer, with an average (mode) pore diameter of  
3.67 nm, was observed close to the pristine glass; and secondly nodules, with an average diameter 
of 334 ± 53 nm were found embedded within a layer that had fibrous ribbons, which appeared to 
propagate from the gel region, distributed throughout. All of the SAED spots exhibited diffuse 
scattering including the gel (see SAED spot “2”,Figure 4.40), nodules (see SAED spot “4”) and 
“clay-like” material (see SAED spot “6”); the sample preparation (i.e., over-thinned) or electron 
beam damage could be a contributing factor to the amorphous nature of the nodules.  
 
EDX mapping (Figure 4.41) showed that, as for the other solutions, Ca was enriched in the 
alteration layer and the nodules, which also contained Al and Si with a small amount of Fe. The 
fibrous ribbons were composed of Ca and Si. 
Figure 4.39 High resolution bright and dark field TEM (Hitachi) images of LBS exposed to ECW for 84 days 





Figure 4.40 Bright field TEM (Hitachi) image and SAED of LBS exposed to ECW for 84 days, spots 1-6 












iv. LBS exposed to OCW solution  
Exposure of LBS glass to OCW resulted in the least amount of alteration after 84 days. The 
average thickness was measured to be 1.04 ± 0.11 µm (Table 4.8). Figure 4.28 g and h illustrate 
the significant difference in the morphology of the alteration products surrounding the grains of 
LBS exposed to OCW, as compared to the other solutions. A very thin layer surrounded the grains 
and there was no evidence of surface precipitates. Upon first inspection, the x10000 magnification 
SEM images (Table 4.12 & Figure 4.42) appear to show two altered regions, however, elemental 
analysis would suggest that there is only one altered gel layer, 0.90 ± 0.17 µm thick, residing on 
top of a region of fractured glass. Elemental maps and SAED (Table 4.12 & Figure 4.42) confirm 
that this is one layer, with a composition very similar to the pristine glass with slight enrichment 
of Zr, Fe, Ca and K (Table 4.12).  
Table 4.12 SEM F50 EDS spot maps associated with Figure 4.42 average elemental composition, at % of 






Figure 4.42 SEM EDS analysis of LBS grain exposed to OCW for 84 d; a) BSE image with labels indicating 











The FIB section of the LBS glass (Figure 4.43) showed that the very thin alteration layer (< 1µm). 
It was composed of two distinct bands; the first was a gel layer where the average pore diameter 
within the gel was 1.21 nm and the second was a layer of ribbons. At the interface between the 
gel and the glass, pits were observed (Figure 4.43b). High magnification images of these pits 
(Figure 4.43 d and e) show them be filled with closely packed ribbons. Diffraction analysis of the 
distinct band confirmed that the layers were amorphous with diffuse rings visible in the SAED 
patterns (Figure 4.44), although amorphization caused by electron beam damage cannot be ruled 
out. TEM elemental maps (Figure 4.45) were in agreement with those from SEM/EDX, and 
showed that the gel layer was composed of Al, Si, Na, Ca, O and Si, and the ribbons were 
composed of Al, Mg, O and Si, with a trace amount of Ca. The outer layer was rich in Si and Na, 
however it is not possible to determine if the Na used to form this outer rim on the alteration layer 
is from the glass or the solution. The Cu and Ga identified in this outer rim are likely 
contamination from the FIB process, indicating it to be a relic of sample preparation.  
Figure 4.43 High resolution TEM (HF) images of LBS  post-dissolution in OCW for 84 d, images a= bright field, 




















The aim of this study was to elucidate the dissolution mechanisms of simulant nuclear waste glass 
in synthetic cement solutions representative of a cementitious GDF in equilibrium with 
groundwater. This was achieved by utilising two UK relevant nuclear simulant glasses for HLW 
(MW25) and ILW (LBS). 
It was found that the young cement waters (YCW and YCWCa) were approximately ten times 
more corrosive towards the glasses  than the evolved and old cement water solutions for MW25, 
and approximately 6 times more corrosive towards LBS glass, based on the initial dissolution 
rates (Table 4.2 and Table 4.13). The formation of an alteration layer, almost twice as thick as the 
evolved and old solutions, was observed in the young solutions (Table 4.3 and Table 4.8). 
Compared with other studies conducted previously on MW25 glass (Table 4.13), the initial 
dissolution rate obtained for MW25 exposed to YCWCa solution was similar to that obtained for 
saturated Ca(OH)2 solution (Backhouse70). Backhouse observed alteration layers that were 
11 to 14 µm thick after 1 year of leaching in Ca(OH)2. Four distinct layers were identified by 
Backhouse: a Ca- and Si-rich phase; a Mg-and Al-rich phase; a rim containing Fe-rich particles, 
and; precipitates on the surface, containing Ca, Si and Mg.  
Table 4.13 Comparison of initial dissolution rates for MW25 glass in the present study and available 
literature (all studies carried out at SA/V 1200 m-1) 
Reference Rate gm-2 d-1 R0 Time Glass Experiment details 
Present Study 0.067 ± 0.011 0-28 MW25 50oC, pH(RT) 13.01, YCWCa soln. 
 0.051 ± 0.001 0-32 MW25 50oC, pH(RT) 13.5, YCW soln. 
 0.006 ± 0.0001 0-42 MW25 50oC, pH(RT) 12.3 , ECW soln. 
 0.007 ± 0.0006 0-112 MW25 50oC, pH(RT) 11.56, OCW soln. 
Backhouse70 0.062 ± 0.0009 0-14 MW 50oC, pH 12.5, Ca(OH)2 sat.soln. 
Utton75 0.029 ± 0.003 0-21 MW 40oC, pH 12-11.7, Ca(OH)2 
Utton75 0.156 ± 0.010 0-21 MW 40oC, pH 12-10.7, 0.03M NaOH 
Abraitis131 0.358 ± 0.39 0-28 MW 60oC, pH 9.6, NaHCO3/KOH soln. 
AMEC132 * 0.033 ± 0.003 0-56 MW 40oC, pH ?, deionised H2O 
Utton75 0.024 ± 0.004 0-21 MW 40oC, pH 9.8, demineralised H2O 
Zwicky133 0.15 0-28 MW 90oC, pH ? , deionised H2O 
Present Study 0.078 ± 0.007 0-28 LBS 50oC, pH(RT) 13.01, YCWCa soln. 
 0.045 ± 0.003 0-32 LBS 50oC, pH(RT) 13.5, YCW soln. 
 0.018 ± 0.001 3-28 LBS 50oC, pH(RT) 12.3,  ECW soln. 
 0.004 ± 0.0001 0-112 LBS  50oC, pH(RT) 11.56, OCW soln. 
Utton59 0.043 ± 0.0024 0-7 LBS 50oC, pH 12.37, Ca(OH)2  
(1) * Calculated (by C. Mann) from the published data 
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The data presented in this Chapter highlight the significant influence of alteration layer 
composition and morphology on the dissolution rate. A significant drop in the affinity controlled 
rate was observed when compared to the initial rate of dissolution for the young cement waters, 
as shown in Figure 4.2 and  Figure 4.3. This can be correlated with the formation of a thick gel 
layer on the surface of the glass sample as shown in Figure 4.46. In ECW solution there was no 
significant drop in the affinity controlled rate (Figure 4.5) indicating that the gel does not passivate 
dissolution, however, the rate of dissolution was low despite the solution being at pH(RT) 12.5. 
As discussed above, in OCW it was not possible to observe the initial rate and transition to an 
affinity controlled rate (Figure 4.6). Several factors are responsible for this behaviour, as 
discussed below and in the subsequent sections. 
 
Figure 4.46 MW25 and LBS initial rate (NR0) Vs residual rate (NRa), based on NLB and the measured thickness 
of the alteration layer at day 84. YCWCa; NR0= 0-28, NRa= 28 -84 d, YCW; NR0= 0.32, NRa= MW25 32-112 d, 
LBS 32-70 d, ECW; MW25 NR0 = 0-42, NRa= 42-84 d, LBS NR0= 3-28, NRa= 28-112 d, OCW; NR0= 0-112 d 
(remained in initial rate regime) 
 
4.3.1. Alkali- and alkaline earth-silica gel composition and morphology 
Amorphous alkali- and alkaline earth-silica gels were observed to form on the surface of both 
MW25 and LBS depending on the synthetic cement water solution composition. Such gels are 
commonly observed in Portland cement concrete hydration, caused by the reaction between silica 
cement clinker phases and alkali hydroxide ions in the pore solution134,135. In these gels, Na+ or 
K+  charge balance the silicate, aluminate or sulphate ions instead of Ca2+ in the gel structure136,137. 
In the current study, the silicate and aluminate species are provided by the glass, the alkali 
elements are predominantly present in the synthetic cement waters and the alkaline earth elements 
are present in the glass (e.g. Mg) and / or the solution (e.g. Ca). The composition of the alkali / 
alkaline-earth silica gel was found to vary as a function of the initial solution composition, and to 
a lesser extent, the glass composition (particularly with respect to Mg and Ca). The alkali to silica 
ratio of the gel layer (Table 4.14) occurred in the expected range for Portland cements, of 0.05 to 
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0.6 for (Na2O+K2O):SiO2 and from  0 to 0.2 for (CaO+MgO):SiO2 (molar ratios)135,138. The 
MW25 glass composition exceeded the typical (CaO+MgO):Si ratio range for alkali/alkaline-
earth silica gels in Portland cement, while the LBS did not. This can be attributed to the 
significantly greater (x 10) content of Ca in MW25 than LBS; a greater amount of Ca was 
available to charge balance [AlO4]- in the gel.  
Table 4.14 shows that Al is present in the gel under all experimental conditions. It is reasonable 
to expect that, at the high pH values encountered in cement solutions, the cations in solution enter 
the gel network to charge balance the negative Si (Si(OH)3- and Si(OH)22-) and Al ([AlO4]-) 
species. In the young cement waters it is evident that K is the dominant counter-ion in the silica 
gel. In the evolved cement solution, where Ca dominates the solution chemistry, Ca is the 
principle charge balancing cation, while in the old cement water solution, the gel layer is 
ostensibly a Ca-silica gel containing small quantities of all of the other alkali and alkaline earth 
cations. On the basis of the current work, there is insufficient evidence to conclude which cation 
charge balances which negative species in the gel, but it is clear that a multi-cation silica gel layer 
is formed in all solutions, with varying proportions of alkali and alkaline earth elements. 
Table 4.14 Alkali: Si ratios for the gel and precipitate formed under each experimental condition, the 
threshold for alkali silica gels are as follows; Na + K :Si ratio 0.05-0.6, Ca + Mg: Si = 0-0.26 and  C-S-H Ca:Si 
ratio 0.4-2.5(atomic ratios) 
    at % of individual elements Alkali :Si ratio 
Conditions   Na Mg Al Si K Ca Ca:Si K:Si Na:Si Mg:Si Al:Si Na + K :Si Ca + Mg :Si  
Na+Mg+ 
 K+Ca :Si 
MW25 YCWCa Gel 3.06 7.13 13.79 43.06 17.41 5.62 0.13 0.40 0.07 0.17 0.32 0.48 0.30 0.77 
 Precip 5.91 2.57 10.23 40.59 15.15 19.91 0.49 0.37 0.15 0.06 0.25 0.52 0.55 1.07 
MW25 YCW Gel 11.12 8.93 11.57 43.13 17.55 5.07 0.12 0.41 0.26 0.21 0.27 0.66 0.32 0.99 
 Precip 5.89 4.54 13.09 42.21 18.14 8.38 0.20 0.43 0.14 0.11 0.31 0.57 0.31 0.88 
MW25 ECW Gel 6.39 9.16 12.11 51.05 0.00 10.78 0.21 0.00 0.13 0.18 0.24 0.13 0.39 0.52 
 Precip 1.80 0.30 4.48 29.76 0.00 57.66 1.94 0.00 0.06 0.01 0.15 0.06 1.95 2.01 
MW25 OCW Gel 9.14 6.73 13.04 46.39 0.05 13.68 0.29 0.00 0.20 0.15 0.28 0.20 0.44 0.64 
LBS YCWCa Gel 7.22 8.30 8.65 46.18 15.16 0.00 0.00 0.33 0.16 0.18 0.19 0.48 0.18 0.66 
 Precip 9.73 10.45 8.92 38.29 14.06 3.26 0.09 0.37 0.25 0.27 0.23 0.62 0.36 0.98 
LBS YCW Gel 5.76 7.54 11.08 45.38 17.78 0.48 0.01 0.39 0.13 0.17 0.24 0.52 0.18 0.70 
 Precip 7.48 11.18 9.45 40.04 16.06 0.29 0.01 0.40 0.19 0.28 0.24 0.59 0.29 0.87 
LBS ECW Gel 12.34 4.82 8.93 54.77 0.07 6.34 0.12 0.00 0.23 0.09 0.16 0.23 0.20 0.43 
 Precip 5.49 10.32 7.60 41.88 0.00 18.20 0.43 0.00 0.13 0.25 0.18 0.13 0.68 0.81 
LBS OCW Gel 19.73 5.96 9.13 56.57 0.32 0.54 0.01 0.01 0.35 0.11 0.16 0.35 0.11 0.47 
 
Preferential cation selectivity in the gel at near neutral pH has been reported by several authors 
(Collin et al.45, Dove139,140 and Icenhower141). Each cation has a characteristic solvation sphere, 
which is the time-averaged number of solvent molecules adjacent to an ion in an aqueous medium, 
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and also a characteristic ion hydration, which describes the number of water molecules in the 
solvation shells. Since the dissolution rate of glass is controlled by the protonation of Si-O bonds, 
where water acts as a nucleophile in exchange with Si-O (dissociating to form OH-), the rate of 
silica hydrolysis is correlated with the solvent properties of the hydrated cation45. The frequency 
of hydrated ion exchange, kex, of the alkali and alkali-earth cations present in the synthetic cement 
solutions occurs in the order: K+ > Na+ > Ca2+ > Mg2+ (Table 4.15). Thus, K is more likely to be 
attracted to the silica surface than Mg, as observed in the present study.  Dove140 postulated that 
competitive ion interactions occur at the Si-surface when both alkali and alkaline earth cations 
are combined in solution in the presence of quartz at neutral pH. Consider the reaction between a 
metal cation (Me) and a silica surface: 
˃𝑆𝑖𝑂−  +  𝑀𝑒𝑛+ →  ˃𝑆𝑖𝑂— 𝑀𝐸(𝑛+ −1) Eqn. 4.2 
Where the charge of the Me is dependent on the average number of deprotonated surface sites, 
>Si-O-, through the interaction (or adsorption) constant, Kad,i. For the cations relevant to the 
present study, we find: 
˃𝑆𝑖𝑂−  + 𝑀𝑔2+ →  ˃𝑆𝑖𝑂— 𝑀𝑔+               𝐾𝑎𝑑 𝑀𝑔 Eqn. 4.2a 
˃𝑆𝑖𝑂−  +  𝐶𝑎2+ →  ˃𝑆𝑖𝑂— 𝐶𝑎+                  𝐾𝑎𝑑 𝐶𝑎 Eqn. 4.2b 
˃𝑆𝑖𝑂−  +  𝑁𝑎+ →  ˃𝑆𝑖𝑂— 𝑁𝑎                     𝐾𝑎𝑑 𝑁𝑎 Eqn. 4.2c 












Rionic = ionic radii from Atkins143 
rhy= Hydrated radii at 25 oC, 1 bar and ΔGhy from Conway144 
Kex =Ligand exchange rate for oxygens in primary hydration sheath around cation from Burgess145 except silicic 
acid from Kinrade146 by 17O NMR 
Kad = apparent values relative to Kads, Na+ = 10-7.0 per the discussion in Dugger et al.147 
 
 
Cation Rionic, Å rhy, Å ΔGhy, KJmol-1 Kex, s-1 Kad 
Mg2+ 0.72 4.28 273.9 105.2 10-6.2 
Ca2+ 1.00 4.12 586.8 108.5 10-5.9 
Na+ 1.02 3.58 678.9 109.0 12-6.2 
K+ 1.38 3.31 752.8 105.2 13-6.2 
          
H3SiO4-     100.52   
It is clear from Table 4.15 that Na and K retain significant water shielding upon interaction. This 
enhances the attraction of these elements to the silica surface and thus increases the dissolution 
rate. In contrast, Mg and Ca have low water shielding, reducing their attraction at the surface (and 
giving rise to a relatively lower dissolution rate). However these alkaline earth elements have the 
greatest adsorption constants (as measured empirically, see Dove139 and references therein), 
explaining why only a small fraction of  Ca2+ and Mg2+ need be present in an aqueous solution to 
become incorporated into the gel layer. This may partially explain why the dissolution rates 
observed in the young cement waters are greater than those observed in ECW and OCW. Since 
the basis for the nucleophilic attack of Si-O by water is the electrostatic attraction of water 
molecules to the silica surface, it is not surprising that this reaction occurs more rapidly at high 
pH. 
 
4.3.2. Alteration layer morphology 
The pore diameter measurements of the gel, calculated from TEM images, shown in Figure 3.15 
and 3.16, are listed in Table 4.16, using a particle size analyser, average (mode values) fret 
diameter is listed below in nm (see Chapter 3, Section 3.3.4 for image processing). Readers are 
directed to the histograms in Figure 4.47 and 4.48 to observe the data range. The breadth of this 
data demonstrates the large uncertainty of porosity analysis using this technique. Notwithstanding 
these uncertainties, the average pore diameter of the gel in the young cement water was at least 
twice the size of that in the evolved and old cement waters, for both glass compositions.  
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Table 4.16 Average (mode) diameter of pores in the gel, readers are directed to the histograms to determine 
the range in the data. 
Average (mode) pore diameter of the gel, nm 
  YCWCa YCW ECW OCW 
MW25 2.57 1.29  0.45 0.45  
LBS 7.55  1.25 3.67  1.21  
 
 
Figure 4.47 Histograms of the data obtained for the pore diameter measurements of MW25 glasses from 






Figure 4.48 Histograms of the data obtained for the pore diameter measurements of MW25 glasses from 




The porosity of the gel layer was found to be correlated with the pH of the cement leachate 
solution; the higher the pH, the greater the average pore diameter. These results are in agreement 
with Kaspar et al51 who confirmed that as the pH of the leaching solution increased, the void 
fraction in the gel of the International Simple Glass increased due to the electrostatic repulsion 
between negatively charged silica spheres in the gel layer. The pH of the evolved and old cement 
solutions was lower than that of the young cement solutions; the corresponding pore size was also 
smaller. Such observations are in accordance with the Iler32 model of silica condensation at high 
pH and in the presence of salts (Chapter 2, Section 2.3). 
 
The composition of the alkali/alkaline earth-silica gel may also influence the observed porosity. 
For example, in the young cement solutions, which had a large average pore size, the major cation 
in solution is KOH. At the surface of the glass, KOH completely dissociates148 and the large 
monovalent K cation moves into the silica network (for charge compensation). This causes a 
physical disruption of the gel network, owing to the large ionic radius of the cation149,150, resulting 
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in enhanced dissolution rates. Elemental spot analysis confirmed that the gel formed in both of 
the young cement water systems was a Na/K-rich alkali-silica gel, which exhibited greater 
diameter pores compared to Ca-rich silica gels formed in the evolved and old cement solutions 
(Table 4.16), indicating that ionic radius (Table 4.15) of the alkali / alkaline-earth cation 
influences the porosity.  
 
4.3.3. Secondary precipitates: (Nano)crystalline Alkali-Silicate Hydrates & 
Smectite clays)  
Precipitation of secondary phases can alter the solution chemistry (notably pH) and influence the 
glass dissolution rates and mechanisms151, as discussed in Chapter 2. All of the glass samples 
investigated in this Chapter exhibited the formation of secondary phases on top of the gel layer. 
The composition of the precipitates varied due to changes in solution composition (Table 4.14). 
In addition to developing thick alkali / alkaline earth - silica gel layers, the young cement waters 
promoted the formation of a band of precipitates at least half as thick as the gel. For the MW25 
glass, the precipitates were loosely packed ribbons (Figure 4.49 a and b), whereas for the LBS 
glass, precipitates appeared to be more needle-like, but were still loosely packed (Figure 4.49 d 
and e). Dissolution in ECW generated very different alteration layers in both glasses (Figure 4.49 
c and f)). When examined by SEM, the MW25 glass dissolved in ECW solution had a needle-
filled alkaline earth-silica gel layer, where the needles were rich in Mg, Na and Al. Also present 
were large crystal-like precipitates identified as calcite and portlandite (Figure 4.11), and a 
reaction rim rich in Ca and Si. In analysis of this sample by TEM, the needles were not observed 
in the gel layer, however a radiating fibrous material ( Figure 4.21), like the crystals were seen in 
the SEM. In ECW solution, the LBS glass composition exhibited a dense alkaline earth-silica gel 
next to the pristine glass, with Ca-Si rich nodules located on top or in the alkaline earth-silica gel. 
An outer surface (Figure 4.38) appeared to be clay-like with ribbons scattered throughout. 
Dissolution of the glass in OCW resulted in the development of a thin gel layer of similar 




Figure 4.49 Collage of TEM BF images of alteration products on MW25 top row and LBS bottom row, 
moving from left to right YCWCa, YCW, ECW and OCW 
 
Alkali- / alkaline-earth silicate hydrates, which may be nanocrystalline in nature, form when an 
alkali or alkali earth ions precipitate with dissolved Si (from the glass). Calcium silicate hydrate 
(C-S-H) is one such phase that is commonly identified as a precipitate on corroded glass surfaces 
in the literature (see Chapter 2); this phase was observed in the present study on the surface of 
glasses leached in the evolved cement water solutions by SEM / EDS and XRD analysis. In the 
young cement water solutions, K is the major alkali in solution, and SEM and TEM / EDS 
confirmed the formation of a K- and Si- rich precipitate with similar needle-like morphology to 
C-S-H. This precipitate was x-ray amorphous in all of the techniques applied here, so has been 
assigned as an unknown K-rich alkali-silicate hydrate.  
 
C-S-H precipitates can act to protect the glass when there is a limited amount of Ca in 
solution61,23,54 which was observed here for the synthetic cement waters. However, if there is an 
unlimited supply of Ca, then Si can be constantly removed from the gel and glass to form C-S-H, 
which ensures that the rate of glass dissolution remains high. The same should be true for alkali-
silicate hydrates, if the alkali is abundant then continual formation of secondary phases keeps the 
dissolution rate elevated; this appears to be the case in the young cement water solutions.  
The lack of a visible “rate drop” regime for the ECW and OCW solutions (Figure 4.5) is likely 
due to the presence of significant quantities of Mg in solution (from the glass). Mg readily 
precipitates as Mg-silicate or Mg-aluminate secondary phases, which consume Al and Si which 
are leached from the glass into the solution, promoting further dissolution. However, in the 
YCW(Ca) solutions, Mg is not soluble so the formation of these phases is precluded and the “rate 
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drop” regime is clearly observed. Analysis of the alteration layers agree with this hypothesis; Mg-
Al-Si rich precipitates are observed in ECW and OCW, however, such phases are absent in the 
young cement waters. Despite preferentially precipitating as secondary silicate or aluminate 
phases, it is clear that a small proportion of Mg is also observed within the gel layer. The TEM / 
EDS data in Section 4.2.4 shows the precipitates formed on the surface of MW25 glass in 
YCWCa, YCW and OCW to be Mg-rich.  
Magnesium is often associated with phyllosilicate clay secondary precipitates, including smectite 
clay. Phyllosilicates are layered structures (known as layered double hydroxides, LDH), 
composed of polymeric sheets of SiO4 tetrahedra linked to sheets of (Al,Mg,Fe)(O,OH)6 
octahedra in a 2:1 formation (Figure 4.50). Smectites have a net negative charge due to 
isomorphous substitutions of Si4+ by Al3+ at tetrahedral sites, and Al3+ by Mg2+ or Mg2+ by Li+ at 
octahedral sites. The layers are charge balanced by alkaline earth or alkali metal ions (Na+, K+, 
Ca2+, Mg2+) which act as charge compensators at interlayer sites136. These cations affect the 
amount of water that can be absorbed and thus, the interlayer space distance. For two cations of 
equal valence, the more weakly hydrated will tend to partition into the smectite interlayer phase, 
which is subaqueous152. The hydrated ionic radius144 of Mg2+ is 4.3 Å and of Ca2+ is 4.1 Å. 
Therefore, it is more likely that Ca2+ will take up residence in the gel or smectite phases. However, 
since Ca2+ preferentially enters the silica gel, Mg2+ is available to form phyllosilicates. The layered 
double hydroxide, hydrotalcite (Mg6Al2CO3(OH)16·4(H2O)), was identified on the surface of LBS 
glass exposed to ECW, confirming the presence of such Mg and Al LDH phases.  
Figure 4.50 Smectite clay illustration taken from Ngouana153 the structure of hydrated Montmorillonite, the 
top band in the image is Al and Mg layer, followed by Si layer, the large interlayer space is occupied by 
hydrated M+  cations, the sequence repeats.  
 
 
TEM images of the LBS glass composition, after dissolution in ECW solution revealed the 
presence of a ribbon-like precipitate. Unfortunately, without further chemical analysis it was not 
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possible to determine the composition of this region, however, visually it appeared to be similar 
to clay layers observed by Zwicky133, Abrajano74, Thien154 and Curti72, 155. These authors all 
reported the occurrence of phyllosilicate minerals including smectite (amorphous 
hydroxide-silica precipitates156), hectorite (Na0.3(Mg,Li)3Si4O10(OH)2), saponite 
(Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2·n(H2O)) and montmorillonite 
(Na0.2Ca0.1Al2Si4O10(OH)2(H2O)10) forming on simulant nuclear waste glass at temperatures of 
90 oC or above. Thein observed the presence of aluminous hectorites or Li-saponite at 50 oC154.  
 
Smectite clays are known as swelling clays152 and the presence of Mg2+ seems to be essential to 
their formation157.  Under basic conditions (pH 10 or greater) only 10 mg L-1 of Mg is required in 
solution for smectite minerals to form and this is only possible when the precipitate contains at 
least 6 % of MgO156. Precipitates formed on the surface of the LBS glass leached in ECW 
contained 10.3 at % Mg (SEM spot analysis, Table 4.10). Thien et al.82 concluded that Mg had 
dual effects on the long term alteration of French AVM glass; first, the consumption of Si to form 
aluminous hectorites lead to the partial dissolution of the protective gel layer, second, Mg 
incorporation into the gel layer, improved its passivating properties80. In the present study, it was 
not possible to identify Mg-silicate phases, rather Mg-aluminate phases were observed, 
suggesting that consumption of Al plays an important role in maintaining dissolution rates.  When 
Al is consumed during the formation of secondary phases42 there is the possibility of rate 
resumption; further work is required to ascertain this behaviour for Mg-bearing glass 
compositions.  
 
4.3.4. Formation of nodules 
The formation of Ca-rich nodules observed on the glasses exposed to ECW solution can be 
explained by aggregation of Ca ions in the gel through cluster-cluster mechanisms. Due to the 
low (<0.45 mol L-1) Ca concentration in the ECW solution (0.015 mol L-1) only partial aggregation 
occurred, as outlined in Figure 4.51, adapted from Gaboriaud158. In this mechanism, oligomer 
silicate aggregates densify through cluster-cluster processes. Negatively charged silica clusters 
agglomerate due to the proximity of a Ca2+ counter ion acting as a charge compensator159. Further 
densification of aggregates occurs through the addition of monomers of Si from solution; this 
process will cease when all the Ca has been removed from solution158. 
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Figure 4.51 Schematic representation of the aggregation processes involved in gel formation taken from 
Gaboriaud 158 (larger green circles represent Si). 
 
4.3.5. Formation of a reaction rim 
The formation of the silica reaction rim, as observed on MW25 and LBS glass in ECW solution 
(Figure 4.20 and Figure 4.38), has implications for the dissolution of the glass. Dohmen et al.129 
stated that as the reaction rim thickens, transportation of the elements released from glass during 
dissolution will be hindered129, thus an accumulation of elements in the interstitial fluid (between 
the rim and pristine glass) will result in local changes in the pH and potentially saturation, both 
of which can led to further alteration. The pH of the ECW solution is pH(RT) ~12.3, so it would 
be expected that trapping of solution in the interstitial region should not induce significant 
additional alteration. 
Silica recondensation time has been shown to increase in the presence of alkalis, in the following 
order Na > K > Li42.  Ca has been shown to rapidly promote Si recondensation158. As such, Si-
rich reaction rims are observed to form more readily in the Ca-rich ECW and OCW solutions than 
in the young cement solutions. 
                                                                                                                                                                                                                                                                                                                                                                            
4.4. Conclusions 
Dissolution of HLW and ILW simulant glasses was performed in a range of synthetic cement 
solutions designed to mimic an aging Portland cement. The rate of dissolution increased in the 
order OCW≈ECW >YCWCa≈YCW, the differences in dissolution rate are attributed to the 
composition and morphology (porosity) of the alteration layer formed, which is strongly 
dependent on the alkali / alkali-earth composition of the leachate, and the pH, although the 
separate influences of solution composition and pH could not be discerned using the present 
experimental approach (see Chapter 8 for Further Work to address this).  
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Evidence is presented for the presence of alkali-/alkaline-earth silica gels and the mechanisms of 
their formation proposed, including the role of Ca, Na, K and Mg as charge compensators for 
negatively charged species in the gel layer. The propensity for exchange of hydrated cations with 
silica indicates that a K-silica gel layer will form preferentially over a Na-and Ca-silica gel layers, 
although only a small concentration of Ca and Mg need be present to form Ca- or Mg- containing 
silica gels.  The data presented here supports this theory, however in the mixed alkali/alkaline 
earth solutions, all cations (including Mg from the glass) are found in the gel layers. This 
highlights the necessity for the use of mixed alkali/ alkaline earth solutions in dissolution 
experiments rather than simplified solutions composed of one cation, for example Ca(OH)2, 
NaOH or KOH, to understand glass dissolution in a cementitious disposal facility.  
The role of Mg, present in both glass compositions, is likely responsible for maintaining 
dissolution rates in a linearly increasing regime in OCW and ECW solutions, facilitated by the 
formation of Mg-Al-(Fe)-Si rich precipitates of layered double hydroxides and possibly smectite 
clays.  
In the presence of synthetic cementitious leachates, MW25 glass exhibits better durability than 
LBS as evidenced by lower dissolution rates and more dense alteration layers. Despite the 
presence of a highly alkaline cementitious water contacting simulant HLW glass, its low 
dissolution rates are favourable, and comparable to existing studies, implying that alkali and 
alkaline-earth ions (K, Na and Ca) in solution can have a positive impact. Nevertheless, further 
research is required to elucidate the potential for Mg-bearing secondary precipitates to facilitate 




4.5.1. Calcium and Potassium Solution Concentration Data 
Figure 4.52 Concentration of Ca and K for Blank, MW25 and LBS in YCWCa  
Figure 4.53 Concentration of Ca and K for Blank, MW25 and LBS in YCW 
 
Figure 4.54 Concentration of Ca and K for Blank, MW25 and LBS in ECW  




Chapter 5. Influence of Young Cement Water on the dissolution 
mechanisms of the International Simple Glass  
5.1. Introduction 
An international collaboration between the UK, Belgium, France, Germany, Japan and the USA 
began due to the need for development of reliable performance assessment models. The nations 
listed previously all immobilise HLW in a borosilicate glass and are considering a multi-barrier 
approach to waste disposal in a GDF33. Any nuclear waste management policy is dependent on 
the safety assessment of geological disposal of HLW, and it is challenging to produce a safety 
assessment if there is no consensus on the mechanisms controlling long term dissolution rates of 
HLW glass.  
A common glass formulation was created to allow collaborators to compare results. The 
International Simple Glass (ISG) is a six component simplified version of SON68, (simulant 
French R7T7) with the following composition (mol %); 60.2 SiO2, 16.0 B2O3, 12.6 Na2O, 
3.8 Al2O3, 5.7 CaO and 1.7 ZrO2. These oxides are commonly found in boroaluminosilicate 
nuclear glasses and the ratio matches that of SON6833.  
Both the UK and Belgian disposal concepts for nuclear waste will utilise cementitious materials 
(as previously described in Chapter 4, Section 4.1), and as such it is imperative that the 
interactions between glass and cement leachates are studied. Several studies have investigated the 
glass dissolution mechanisms in the presence of simple hyperalkaline media, for example 
Ca(OH)2, NaOH or KOH leachates. Few studies have investigated the role of cementitious 
leachates, which contain mixed alkali and alkali earth ions in addition to a range of other 
elements53,54,83. 
The inclusion of ISG in this thesis is vital for helping validate the mechanistic models of glass 
dissolution over geological time scales. The objective was to gain a deeper understanding of glass 
dissolution in cement leachate solution. A two year leaching study was conducted with young 
cement leachate assumed to be in equilibrium with portlandite (referred to as YCWCa) on the 
dissolution of ISG powders and monoliths at 30 oC and 70 oC. This work was a collaboration; 
SCK.CEN conducted the initial experimental work and geochemical modelling and C. Mann 





Figure 5.1Measured pH (room temperature, RT) for ISG glass powder exposed to YCWCa for 622 days at 30 °C 
and 70 °C. 
The YCWCa solution maintained a high pH throughout the duration of the experiments, the 
average pH of the blank solutions was pH(RT) 13.5; at 30 °C it was constant and remained at the 
value of the blank solution (pH(RT) 13.5), while at 70 °C a decline to pH(RT) 12 was observed 
in Figure 5.1. 
5.2.2. Dissolution rate determination 
The normalised mass loss (NLi) for Si, B, Al and Zr is given in Figure 5.2; the corresponding 
elemental release of Si, B, Ca and Al with time at 30 °C and 70 °C is shown in Figure 5.3. 
Dissolution rates were obtained from linear regression of NLB data (Figure 5.2a & e). At 30 °C 
the concentration of B continuously increased throughout the experiment, resulting in a 
dissolution rate of (4.00 ± 0.15) x 10-3 g m-2 d-1 (Figure 5.2a). In contrast, at 70 °C, after a rapid 
increase in B concentration at 32 days, there was little further dissolution of this element (Figure 
5.3). The dissolution rate during the initial rapid increase was (4.42 ± 0.40) x 10-2 g m 2 d-1 and in 
the plateau was (8.84 ± 3.99) x 10-4 g m-2 d-1 (Figure 5.2e).  
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At both temperatures, the release of Al to solution was initially high, but was subsequently 
observed to decrease, indicative of the incorporation of Al into alteration layers or secondary 
phases. The release of Si to solution was significantly different at 30 °C and 70 °C (Figure 5.3); 
at the lower temperature, there was an almost linear increase in the concentration of Si released, 
reaching a final concentration of ~100 mmol L-1 after 622 days (Figure 5.3), while at the higher 
temperature, the concentration was ~220 mmol L-1 after only 32 days, at which point a slight 
decrease was observed. Regardless of the temperature, the concentration of Ca, which was 
initially present in the solution and the glass, decreased at the beginning of the experiments to 
levels below 0.05 mmol L-1 (values of 0.044 ± 0.001 mmol L-1 and 0.047 ± 0.003 mmol L-1 were 
measured at 30 °C and 70 °C, respectively). The removal of Ca from solution over the initial 
32 days is indicative of the formation of a Ca containing alteration layer.  
The concentration of Zr remained lower than 400 µmol L-1 at 30 °C and 150 µmol L-1 at 70 °C, 
indicating that it may also have been incorporated in the glass alteration layer (Figure 5.2), and 
the concentration of K, a major constituent of the YCWCa, was observed to decrease at both 
temperatures; the initial concentration was 367 mmol L-1 and after 622 days at 30 °C and 70 °C, 
the concentration fell to ~300 mmol L-1 and ~175 mmol L-1 respectively, once again indicating 
incorporation into the glass alteration layer. 
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Figure 5.2 Normalised mass loss of glass components in ISG in YCWCa for 622 d at 30 °C: (a) NLB (reported in 
g m-2 and showing calculated dissolution rates in g m-2 d-1 derived from linear regression); (b) NLSi; (c) NLAl (d) 
NLZr; and comparative analysis at 70 °C: (e) NLB (showing calculated dissolution rates in g m-2 d-1); (f) NLSi; (g) 
NLAl (h) NLZr. 
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Figure 5.3 Measured (points) vs modelled (lines) concentrations of Si, B, Ca and Al in YCWCa at 30°C and 70°C. 
 
5.2.3. Geochemical modelling 
Two different models were applied to simulate the experimental dissolution results: (1) an 
affinity-based model (Eqn. 3.6) where congruent dissolution is driven by the undersaturation of 
the solution with respect to silica; and (2) a diffusion model (Eqn. 3.7 and accompanied by 
Eqn. 3.8) that describes ‘diffusion-through-alteration-layer-dissolution’, i.e. when the alteration 
products (gel and precipitates) cover the glass surface and limit solute transport, decreasing the 
dissolution rate. The results of geochemical modelling are shown in Figure 5.3 and Eqns. 3.6 - 
3.8 were applied to the model. Further details are listed in Chapter 3, Section 3.3.1.   
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At 30 °C, particularly prior to 160 days of dissolution, the diffusion-through-alteration-layer-
dissolution equation (Eqn. 3.7) described the glass dissolution well. This is evidenced by a 
parabolic increase of B and Si concentration with time before 160 days, as was previously 
observed for SON68 subject to leaching under the same conditions83. After more than 160 d of 
dissolution, the B and Si concentrations were observed to increase linearly with time. It was only 
possible to model this behaviour by the application of Eqn. 3.6, although since there was still a 
rapid increase in Si concentration at the end of the experiment, i.e. no Si-saturation, the Si 
saturation term was omitted; this suggests that the glass dissolved uninhibitedly after 160 days. 
At this time, the diffusion step was no longer rate limiting; the change in the dominant mechanism 
of dissolution suggests a change in the properties of the alteration layer after this time. 
The calculated diffusion coefficients (using Eqns. 3.7 and 3.8) of B and Si at 30 °C were 
(2.78 ± 0.78) x 10-21 m2 s-1 and (8.49 ± 2.37) x 10-22 m2 s-1, respectively. This is somewhat higher 
than that measured by Gin et al.160, who calculated a diffusion coefficient of hydrous species 
through the passivating layer of ISG, at pH 9 and 90 °C, to be 1.3 x 10-23 m2 s-1. This difference 
will be discussed further in the following sections. 
For the experiment at 70 °C, Si concentrations were initially high and then decreased throughout 
the experiment, indicating that Si precipitation exceeded Si dissolution. The affinity term in 
Eqn. 3.6 (with silica saturation included) gave a reasonable fit for Al and Ca concentrations. For 
B at 70 °C, after the initial rapid increase associated with the degradation of the glass network, 
the release rate decreased after about 60 days, but did not reach a steady state value. The decrease 
was possibly due to the presence of precipitated phases on the glass surface that limit the transport 
of solution to and from the glass interface, inhibiting further dissolution. From 60 days of 
dissolution onwards, Eqns. 3.7 and 3.8 were applied to calculate the diffusion coefficient through 
precipitation products. The calculated value based on B was 1.95 x 10-20 m2 s-1. This is 2 to 4 
orders of magnitude higher than the reported residual B diffusion coefficients for ISG in Si 




5.2.4. Alteration layer and secondary phase analysis 
The X-ray diffraction patterns of ISG monoliths are shown in ( Figure 5.4), exposure to YCWCa 
for 622 days at 30 oC did not result in significant crystalline secondary phases, as determined by 
the diffuse scattering. At 70 oC diffraction peaks could be indexed to: the phyllosilicate, rhodesite 
[(Ca,Na2, K2)8Si16O40.11H2O] (PDF 00-022-1253)162 (corresponding to needle-like crystallites in 
Figure 5.8Figure 5.9Figure 5.8); the zeolite, phillipsite-K [Na4KAl5Si11O32.10H2O] (PDF 01-073-
1419)163 (corresponding the rhombohedral crystallites in Figure 5.8Figure 5.9); and silicon oxide 
[SiO2] (PDF 01-082-1573)164. None of the crystallites formed were found to contain Zr, indicating 
that this element was exclusively partitioned into the gel layer, in agreement with previous 
studies85,70.  
 Figure 5.4 Diffraction patterns for monolith samples exposed to YCWCa for 622 days at: (a) 30 °C and; (b) 
70 °C. Phases indexed at 70 °C were: rhodesite [(Ca, Na2 K2)8Si16O40.11H2O, PDF 00-022-1253]; phillipsite-K 




Figure 5.5 shows the alteration layers formed on the surface of ISG powders and monoliths at 
both 30 oC (Figure 5.5a & b) and 70 oC (Figure 5.5c & d). At 30 °C an amorphous alteration layer, 
2 to 10 μm in thickness, was observed on the glass powders, as shown in Figure 5.5a, and on the 
monolithic specimen from the same experiment, shown in Figure 5.5 b. This layer was divided 
into three regions; a dense band on the outer edge of the layer (i.e., in contact with solution), a 
more porous region close to the surface of the glass and, in between, a finely banded region, where 
the bands were “scalloped” in morphology, with a convex boundary towards the surface of the 
glass, as previously observed by Dohmen et al.129. Dissolution at 70 °C also resulted in the 
formation of a gel layer with multiple bands, as shown in Figure 5.5c and 5.5d. The average 
thickness of the altered layer was 15.6 ± 0.9 μm and the altered glass fraction (AGF) was 
41.2 ± 0.1 %, similar to that observed for SON68 dissolved in KOH at 90 °C for 365 days52. 
Figure 5.5 Alteration layers formed on surface of ISG after 622 days for powder and 721 days for the monoliths; 
30°C: (a) powder; and (b) monolith; 70°C: (c) powder; and (d) monolith. 
 
 
At 70 oC the alteration layer surrounding the monolith was not uniform Figure 5.6 demonstrations 
the variations observed along the length of the cross-sectioned monolith. Images a-d all exhibit 
multiple layers with a porous band which was in contact with the solution, secondary precipitates 
are visible on top of the alteration gel layers in Figure 5.6c & d. Perpendicular cracking of the 
alteration layers can be seen in addition to regions that have pulled away from the surface of the 
sample leading to the ingress of epoxy during sample preparation.  
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Figure 5.6  BSE images of the alteration layer on ISG monoliths exposed to YCWCa at 70 °C for 721 d.  
The composition of the bands observed at 30 oC (Figure 5.7) within this portion of the layer 
appeared to be the same, comprising Si, Al, Na, K, Ca and Zr, with an Al/Si ratio of 0.22 ± 0.04 
(compared to an Al/Si ratio of 0.12 in the bulk glass and of 1.20 in the blank YCWCa solution). 
The Ca/Si ratio in the gel layer was ~0.25, which is significantly lower than expected for C-S-H 
(typical end members have a Ca/Si ratio of 0.6 and 1.2). The average altered layer thickness, as 
measured on monolith samples, was 5.7 ± 0.2 μm (Figure 5.5 b), and the AGF was 11.3 ± 0.7 %. 
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Figure 5.7 SEM pictures corresponding EDX data (average of labelled spots) for ISG powder altered for 622 days 
in YCWCa at 30 oC 
 
Figure 5.8 shows high magnification SEM images of the glass powder after dissolution at 70 oC. 
Indicating multiple alteration layers on the surface of the glass, EDX indicated that there was no 
variation in the composition among the layers. Framboidal and radiating acicular crystallites, 
ranging in size from 5 to 60 μm in length, were observed to form around the outer edge of glass 
grains reacted at 70 °C (Figure 5.5 c), but were absent in experiments at 30 °C. The bands on the 
monolith were composed of Si, Al, Na, K, Ca and Zr with an Al/Si ratio of 0.04 ± 0.003 
(considerably lower than the bulk glass). EDX analysis of the crystalline phases at 70 °C (Figure 
5.8 and Figure 5.9) indicated two distinct compositions; needle-like crystallites were enriched in 
K, Si and Ca (Figure 5.9, e.g. EDX spots 45 – 48), while crystallites with a rhombohedral 
morphology were composed of K, Si and Al (Figure 5.8, e.g. EDX spots 12 - 15). EDX results 
were in good agreement with XRD analysis ( Figure 5.4), where diffraction peaks could be 
indexed to: the phyllosilicate, rhodesite (corresponding to needle-like crystallites in Figure 5.8 
and Figure 5.9); the zeolite, phillipsite-K (corresponding the rhombohedral crystallites in Figure 






Figure 5.8  SEM pictures and corresponding EDX data (average of labelled spots) for ISG powder altered for 




Figure 5.9 SEM picture and corresponding EDX data (average of labelled spots) for an ISG monolith altered for 
721 days in YCWCa at 70 °C. Phases are labelled according to chemical composition, and as informed by XRD 
analysis. 
FIB-sections prepared from monoliths withdrawn from YCWCa solution after 721 days of 
dissolution at 70 °C were analysed by TEM, as shown in Figure 5.10  Figure 5.11 . The scalloped 
altered layers identified in SEM were also observed at this scale; the band closest to the glass 
surface was Band 1 (Figure 5.10 ). Each of the layers was composed of Ca, Zr, Al, K, O and Si, 
and there was no change in relative concentration of each element within each band (see Figure 
5.12). Therefore the observed differences in intensity in the dark field (DF) and secondary 
electron (SE) images (Figure 5.10) can be attributed to variations in the void volume (i.e. porosity) 





Figure 5.10  Scanning Transmission Electron Microscopy (STEM) dark-field scanning TEM (DF STEM) and 
Secondary Electron STEM images and energy-dispersive spectroscopy images of a focused ion beam (FIB) section 
removed from a monolith of ISG leached for 721 d at 70 °C. Individual STEM-EDX images are provided for Al, C, 
Ca, K, O, Na, Si, and Zr. The middle section of the alteration layer is shown; Band 1 is located closest to (but not 
in contact with) the bulk glass, and Band 7 is towards (but not in contact with) the solution. Bands 2 and 6 are filled 
with epoxy resin. 
 
 
Higher magnification TEM images (Figure 5.11) confirmed the existence of microstructural 
variation between the bands; each of the layers exhibited a “speckled” pattern of apparently 
different porosity. This type of porosity may be attributed to the presence of individual silica 
spheres32, and the corresponding interstitial space between these spheres; this has been previously 
observed in the post-nucleation ripening of silica gels161,129. It is well understood that the 
combined influence of high pH and the presence of cationic species can influence polymerisation 
of Si-OH gels; at high pH values, the negatively charged silica species, Si(OH)3- and Si(OH)22-, 
experience repulsion due to their negative charge, which prevents aggregation and gives rise to 
large interstitial pores between poorly aggregated silica. However, the presence of other cationic 
species can compensate for this charge, allowing aggregation and gel formation. The data shown 
in Figure 5.10 indicate that the cations Ca, K, Na and the anions Si, Al and Zr contributed to the 
formation of an alumino-alkali-silica gel at the surface of ISG reacted in YCWCa solution. Since 
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the layers were not found to change significantly in composition, the small variations in pH, which 
would influence the silica aggregation process and the resulting size of the silica spheres, may be 
the cause of the varied porosity.  
Image analysis, using grey scale thresholding and assuming a constant composition, gave an 
average pore radius across the whole layer, ranging from 7 – 15 nm, somewhat higher than 
observed in similar glasses at lower pH. For example, the R7T7 glass was reported to have an 
altered layer porosity of ~2 nm in static leaching conditions at pH 7 – 9.36 pores of 5 nm were 
measured for SON68 at pH 9.37 and pores of ~1 µm were observed in LAWB45 glass165. 
However, our results are in excellent agreement with Ferrand et al.54, who measured a pore radius 
size of 10 nm for SON68 reacted in cement water54. Diffraction patterns obtained using Selective 
Area Electron Diffraction (SAED; Figure 5.11 ) revealed each of the bands to be amorphous. 
Figure 5.11  Transmission Electron Microscope images of ISG reacted in YCWCa for 721 d at 70 °C, showing the 





Figure 5.12 Transmission electron microscopy dark field (DF), bright field (BF) and secondary electron (SE) 
images, and EDX maps of ISG reacted in YCWCa for 721 days at 70 °C showing a lack of significant difference in 
chemical composition over the band. The observed contrast difference in the bright-field and dark-field images is 
attributed to the presence of void space (i.e. porosity); the secondary electron image near the yellow region 
illustrates the presence of irregular shaped craters on the surface of the sample that result in the observed image 
contrast. These irregular shaped craters are distributed throughout the thickness of the band and represent features 






5.3.1. Mechanism and kinetics of ISG dissolution in YCWCa solution 
The dissolution of ISG in YCWCa can be described by two key stages: 1) the formation of a 
porous, Zr-containing alkali alumino-silica gel, during which time rapid dissolution occurs; and 
2) the precipitation of a crust of zeolite and phyllosilicate crystalline phases. The latter were only 
observed at 70 °C once the dissolution rate had slowed. In both stages, the high pH and the 
composition of the cement leachate solution was found to exert a significant influence on the 
dissolution behaviour, as described below. 
5.3.2. Alkali alumino-silica gel formation.  
As discussed previously, polymerisation of silicic acid by condensation reactions results in 
nucleation of a porous gel that becomes more dense as reorganisation and Ostwald ripening takes 
place129,25,166. The TEM data presented in this study, which showed a speckled, porous 
morphology, provides compelling evidence that an alkali alumino-silica gel is formed at the 
surface of ISG leached in cementitious solution, where the high pH of the leachate solution causes 
repulsion among the negatively charged silica particles, negatively influencing the polymerisation 
of silica anions, and forming large interstitial pores between silica gel particles. Our results, in 
agreement with those for SON68 at high pH54, and also for ISG, where the void fraction of the 
gel was found to increase as a function of increasing pH51, indicate that the pore radius of the gel 
at the pH of the cement leachate investigated (pH(RT)13.5) is approximately twice the size of that 
in gels formed in circum-neutral pH solutions. Consequently, the calculated B diffusion 
coefficients in the present study were 2 to 4 orders of magnitude higher than those of ISG in Si 
saturated solutions, demonstrating the dramatic influence of YCWCa solution on ISG 
dissolution160. 
The chemical composition of the solution clearly had a significant influence on the formation of 
the alteration layers. The uptake of K, Ca, Na, Zr and Al into the silica gel indicates that the 
alteration layer was in equilibrium with the solution, and is evidence that solution cations were 
readily transported into the open pore network of the gel layer. Alkali / alkali-earth cation 
incorporation into the gel layer is likely driven by charge compensation for anionic species in the 
silica gel. For example, recent studies by Collin et al.45 showed that Ca is the preferred charge 
balancing cation for [AlO4]- units in the gel of ISG at pH 7.  
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The presence of these cations has an apparently detrimental effect on the glass alteration (e.g. 
higher diffusivity than observed for the same glass at circumneutral pH)160. Previous studies have 
shown that in the presence of the alkali species, Na and K, the rate of quartz dissolution was 
significantly enhanced140. This was attributed to the fact that these elements have a high frequency 
of solvent exchange (the rate at which primary solvation waters of a cation exchange with the 
surrounding aqueous environment) than the other alkali / alkali earths, which increases the 
frequency of silica hydrolysis and thus the rate of dissolution140. It follows that in the presence of 
Na and K, under the high pH conditions experienced by the ISG in this investigation, the rate 
limiting step of dissolution was the breakage of Si-O-Si bonds. This is in agreement with previous 
studies of the UK nuclear waste simulant, MW25, at high pH, where investigation of dissolution 
rate parameters at pH(RT) 8, 10 and 12 showed incongruent leaching of Si when compared to Na 
and B28. Since Ca has a much lower frequency of solvent exchange, it is less likely to enhance the 
dissolution rate of glass than K or Na, but nevertheless, due to its divalent charge, it is a more 
efficient charge balancing cation than the alkali elements, and is thus incorporated readily into 
the gel, as seen in numerous previous studies.e.g.23,52–55,59,61,70,167  
At 30 °C, the glass dissolution mechanism appeared to change upon the consumption of Al from 
the solution (at 160 days, Figure 5.3); at this time the dissolution rate could no longer be modelled 
with a diffusion term, but rather by an affinity-type model with the affinity term (i.e. saturation 
of Si) removed. One possible explanation for this behaviour could be as follows: the incorporation 
of Na, K and Ca in the gel (to charge compensate negatively charged Si, Al and Zr species) gave 
rise to a diffusion-controlled dissolution rate until the gel layer became positively charged (i.e., it 
contained an excess of K, Na and Ca required to charge balance [AlO4]-, [ZrO6]2-, Si(OH)3- and 
Si(OH)22-units). At this time (160 days), dissolved [AlO4]- species in solution were attracted to 
the gel layer, but since there was no further Ca2+ in solution to provide charge balance these anions 
(Figure 5.3), the less efficient charge balancing cations, K+ and Na+, provided charge balance.  In 
the presence of K and Na at high pH, the aluminosilicate species, (𝑂𝐻)𝑎𝐴𝑙𝑂𝑆𝑖𝑂𝑛(𝑂𝐻)(3−𝑛 )
(𝑛+1)
, 
where n = 1 to 3, has been shown to precipitate not as a nano-sized gel, but rather as much larger 
granules168. It is possible that the change in dissolution rate observed at 30 °C and 160 days, when 
Al was incorporated to the gel, was the result of the precipitation of poorly charge-balanced 
aluminosilicate species, which, due to their granular nature, gave rise to the presence of large 
voids (or a more open pore network) in the gel layer, allowing for rapid dissolution. This 
hypothesis requires experimental validation, but does not seem implausible since it has been 
previously shown that [ZrO6]2- may become incorporated in silica gel formed on ISG when 
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leached at high pH70,167 inhibiting restructuring of the gel layer, enhancing porosity and thus 
increasing dissolution96,169. 
From the results presented here, it is not possible to discern the individual effects of high pH and 
cation incorporation in the silica gel layer on the development of porosity and the enhancement 
of dissolution rate, but it is evident that both play a significant role in maintaining an open pore 
network through which solution and glass species can be transported. Although the inclusion of 
a K-bearing alkali-silica gel improved the geochemical model fit, it is clear that the other cations 
present also participated in gel layer formation; further studies should be directed at elucidating 
the relative roles of the alkali and alkali-earth cations on gel layer formation and glass dissolution. 
5.3.3. Secondary Phase Precipitation 
At 70 °C, the extent of dissolution of ISG was greater than at 30 °C (e.g. the AGF was 11 ± 1 % 
and 41 ± 1% for 30 °C and 70 °C, respectively) and the release of elements could be modelled 
with an affinity-based model, accounting for the precipitation of the zeolite phase, phillipsite-K, 
and also for C-S-H (Figure 5.3). In contrast with previous studies of ISG dissolution at high 
pH70,167, and our own geochemical modelling, there was no evidence for C-S-H precipitates. Their 
absence is due to the low Ca concentration in solution and the propensity for Ca incorporation 
into silica gel140. Zeolite and phyllosilicate phases were precipitated on the outside of the alkali 
alumino-silica gel, indicating that gel formation preceded precipitation of secondary phases. 
Previous studies of ISG leached in water show no secondary precipitates167, thus highlighting the 
significant role of solution species, particularly the alkali and alkali earth elements in cement 
water, and pH in the alteration of glasses. 
Comparing the Al dissolution data for 30 °C and 70 °C, it is clear that at 30 °C, where no zeolites 
were observed to form, significant quantities of Al remained in solution (albeit decreasing towards 
the end of the experiment), while at 70 °C, almost all of the Al had been consumed from solution. 
Despite this, the Al/Si ratio of the gel layer at 70 °C was significantly lower than at 30 °C (0.04 
compared with 0.22, respectively; the Al/Si ratio in the bulk glass was 0.12). As such, it may be 
concluded that the zeolite and phyllosilicate phases formed at 70 °C were nucleated from the gel 
layer, as proposed by previous studies170, 171. This is in agreement with the hypothesis presented 
above; if Al was weakly bound to the gel layer as large granules of aluminosilicate, it may have 
provided a ready source for the formation of secondary phases. The other alkali / alkali-earths 
within the gel layer were found as major zeolite- and phyllosilicate-forming elements, however 
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since they were present in high concentration in solution (particularly Na and K), the source of 
these elements could be the solution or the gel. 
The consumption of Al from the gel to form zeolites has previously been related to the onset of 
glass alteration resumption (or Stage III dissolution behaviour)170,171, as has a reduction in the pH 
of the solution, also seen in the present study at 70 °C (Figure 5.1). Although we do not observe 
a resumption in alteration, it is possible that given more time, the consumption of Al from the gel 
layer, and alkali / alkali earths from the solution or gel, forming zeolites and phyllosilicates may 
destabilise the gel to the extent that rate resumption is observed. It is important to note that the 
influence of cation species in the gel layer on rate resumption is not well understood; from the 
data presented in the current study it can be postulated that the presence of these elements does 








Chapter 6. Dissolution of Simulant Nuclear Waste as a Function 
of Evolving Cement Leachate Chemistry 
6.1. Introduction 
Being able to predict the long term durability of nuclear waste glass in a disposal environment is 
a requirement for the safety case for disposal in the UK. Research to date has focused on better 
understanding of the mechanisms for glass corrosion at early stages of water ingress, or by 
simulating porewaters of different ages and examining their effects individually. For example, 
work at SCK.CEN and in the previous chapters of this thesis have investigated the impact on glass 
dissolution of synthetic cement waters with compositions of Portland cement porewaters 
representative of different ages.  
Although an understanding of the effects of individual cement pore solutions is informative to 
models of glass corrosion, there have been no studies to date aimed at elucidating the effects of 
an evolving cement porewater chemistry on glass dissolution, i.e., going from young to old 
cement leachates, followed by dilute groundwater, more representative of the geochemical 
conditions in a cementitious geological disposal facility in the long term. Therefore, this Chapter 
aims to investigate the dissolution behaviour of three glasses MW25, LBS and ISG as they are 
sequentially moved through a series of synthetic cement water solutions, simulating the effect of 
cement porewater ageing. Samples were moved, after 28 days, from an evolved cement water 
(ECW) solution to an old cement water (OCW) solution and then finally to a synthetic granitic 
groundwater (GW) solution.   
A schematic of the sequential test is outlined in Figure 6.1. The glass monoliths remained in the 
original test vessel, and solutions mimicking aging cement leachates were added. The vessel was 
sealed and placed in an inert atmosphere at 50 oC for 28 days. After this time, the solution was 
removed, prior to addition of the next solution in the ageing scheme. All sampling and solution 
handling was conducted in an inert atmosphere glove box to prevent carbonation. 
Figure 6.1 Schematic of sequential dissolution test, the monoliths remained in the original test vessel, and solutions 
mimicking aging cement leachates where added, the vessel was sealed and placed in an inert atmosphere at 50 oC 
for 28 days after which the solution was removed and aliquots taken, and the next solution added to the test vessel 
and placed back in the oven, and repeated once more for the GW solution. 
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6.2. Results (Sequential dissolution of MW25, LBS & ISG in an 
evolving system) 
6.2.1. pH 
Figure 6.2 Average pH(RT) of sequential dissolution test, of glass powders MW25, LBS and ISG exposed to ECW 
for 28 days followed by exposure to OCW for a further 28days and finally a step involving granitic groundwater for 
28 days. Dashed lines indicate the pH(RT) of the initial solutions ECW = 12.71, OCW= 12.67 and GW= 8.83 
As Portland cement ages, the pH of the pore solution diminishes. The same is true of the synthetic 
cement water solutions utilised in this test; the initial pH of the blank solutions are outlined in 
Figure 6.2. The pH(RT) of ECW was 12.7 ± 0.3 and upon addition of glass monoliths (data not 
shown), the pH(RT) remained close to 12.7. When powdered glass samples were added 
(Figure 6.2), the pH(RT) reduced to 12.6 ± 0.02 for MW25, 12.5 ± 0.03 for LBS and 12.22 ± 0.06 
for ISG. 
On day 28, the ECW solution was removed from the test vessels, and OCW solution was added, 
altering the pH and solution chemistry of the leachate in contact with the glass as follows: 
solutions containing MW25 powders had a pH(RT) of 11.94 ± 0.05, solutions containing LBS 
powders had a pH(RT) of 11.97 ± 0.05, and solutions containing ISG has a pH(RT) of 
11.64 ± 0.06. The pH of the monolith samples averaged at pH(RT) 12.3 ± 0.27. On day 56, the 
OCW solution was removed from the test vessel and a granitic GW solution was added. The initial 
pH(RT) of the GW solution was 9.7 ± 0.4 in the blank, and when it came into contact with MW25 
glass powder, the pH increased to pH(RT) 10.8 ± 0.07, to pH(RT) 11.77 ± 0.02 with LBS powders, 
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and with ISG powder, the pH increased to pH(RT) 11.24 ± 0.03. The monoliths averaged a 
pH(RT) of 10.13 ± 0.02 outlined in Table 6.1. 
Table 6.1 pH(RT) data from sequential tests for both monoliths and powder static leaching  
Solution ECW E + OCW E + O + GW 
Time, days 28 56 84 
Blank pH(RT)  12.70 ± 0.03 12.13 ± 0.04 9.70 ± 0.40 
Monolith 
MW25 12.70 ± 0.01 12.70 ± 0.05 10.12 ± 0.10 
LBS 12.68 ± 0.05 12.23 ± 0.11 10.16 ± 0.10 
ISG 12.70 ± 0.01 12.22 ± 0.01 10.12 ± 0.10 
Powder 
MW25 12.60 ± 0.02 11.94 ± 0.05 10.80 ± 0.07 
LBS 12.50 ± 0.03 11.97 ± 0.05 11.77 ± 0.02 






6.2.2. Normalised mass loss during sequential dissolution for MW25, LBS & 
ISG 
Aliquots were removed on days 28, 56 and 84 when the solutions were changed. Figure 6.3 
describes the normalised mass loss of elements from MW25, LBS and ISG glasses leached in the 
three sequential, synthetic solutions. With a reduction in pH it would be expected that the 
normalised mass loss of elements from the glass would reduce. 
Boron was used as the tracer element in this test as it is present in all glasses. In the ECW solution, 
ISG was the least durable glass, as evidenced by a NLB value of 1.24 ± 0.14 g m-2. The MW25 
and LBS glasses gave similar NLB values of 0.53 ± 0.09 and 0.48 ± 0.05 g m-2, respectively. When 
the ECW solution was removed and replaced with OCW solution, the mass loss of B was similar 
for all three glasses at ~ 0.3 g m-2, however upon replacement of OCW solution with GW solution, 
the NLB values diverged; the NLB of MW25 increased significantly, while in LBS it increased a 
little. For ISG, the NLB decreased further in comparison to the previous solution in the sequence. 
The NLLi data for MW25 and LBS followed the same trend as that observed for NLB. 
With the evolving leachates ISG displayed a decrease in the amount of Na released from the glass 
into solution, LBS exhibited a decrease when the ECW solution was exchanged for OCW, but the 
amount of Na released into solution increased by 21% with GW in the test vessels. MW25 
increased the amount of Na released into solution with each change of the leachate. 
The NLSi showed that as the leachate evolved, the amount of Si leached from ISG reduced with 
time, however the opposite was observed for MW25 and LBS glasses. It is possible that the Si-
gel layer that formed on ISG in the ECW was sufficiently dense to restrict the transport of soluble 
elements Si, Na and B (Figure 6.16 exhibits the alteration layers formed on ISG). The behaviour 
of a simplified glass is significantly different from a complex simulant waste glass.  
In general, it appears that when the leachate was changed from ECW solution to OCW solution, 
the glass corrosion reduced (as determined by NLi). However, introduction of the granitic 
groundwater resulted in rapid corrosion and the elements B, Li, Na and Si all increased in 
concentration in solution, except for ISG. It is worth noting that the Al levels remained low in all 
solutions and decreased with time and evolving leachates. 
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Figure 6.3 Normalised mass loss from sequential dissolution of glass powders MW25, LBS and ISG exposed to ECW 




Figure 6.4 depicts the concentration variations of Ca, K, Mg and S in solution. The source of K 
and S are the leachates, Ca is present in both the glasses and leachates and Mg is present in the 
MW25 and LBS glass and GW leachate. The concentration of Ca and K decreased as the leachate 
evolved. The blank GW solution contained 6.00 ± 0.19 mg L-1 of Mg and when contacted with 
glass powder the Mg concentration significantly decreased. This may be due to precipitation of 
brucite (Mg(OH)2) due to the high pH, or due to the precipitation of alternative Mg-bearing 
phases; XRD (Figure 6.5) confirms the latter through the identification of hydrotalcite. When 
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comparing concentrations of Ca in the blank, it is apparent that in the presence of the MW25 and 
LBS glass compositions Ca concentrations rapidly decreased (perhaps due to precipitation of Ca-
Si bearing phases), while the decrease was far less pronounced for ISG. Similarly, in the final 
solution of the sequence (GW), the presence of ISG resulted in a greater decrease in the 
concentration of K than for the MW25 glass (which had a similar K concentration as the blank), 
indicating that K plays a more important role in the alteration layer formation of ISG than MW25 
and, to a lesser extent, LBS. 
Figure 6.4 Concentration of elements in the blank solutions and solutions contacted with MW25, ISG and LBS glass 
powder. The only source of K and S are the leachate solutions, Ca is found both in the glass and solution, the Mg 
content in the ECW and E+OCW solutions was close to 0 mg L-1 the concentration of Mg in the blank GW solution 
was 5.9 mg L-1. 
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6.2.3. Alteration layer formation on MW25 glass 
The x-ray diffraction patterns of MW25 glass monoliths are shown in Figure 6.5. Exposure to 
ECW solution lead to the formation of calcite (CaCO3; PDF 00-001-0837), C-S-H (CaOSiO2H2O; 
PDF 00-033-0306) and hydrotalcite (Mg6Al2CO3(OH)6• 4(H2O); PDF 00-014-0191); these phases 
remained present when the monolith was exposed to OCW and GW solutions, however the 
intensity and crystallinity changed with time and solution composition. In the ECW solution, 
hydrotalcite was the major phase and a broad peak observed at 32o 2θ was indicative of the 
presence of C-S-H. In the OCW solution, the hydrotalcite peaks reduced in intensity and C-S-H 
was the major phase; the bottom of the C-S-H peak at 32o 2θ was broad and after dissolution in 
the GW, this narrowed, indicating a development of crystallinity. 
Figure 6.5 Diffraction patterns of MW25 monoliths exposed to ECW for 28 days, subsequently to OCW for 28 days 
and subsequently to GW for 28 days.  
 
The alteration layers that developed on the surface of MW25 glass monoliths appeared different 
after exposure to each synthetic solution. Due to unforeseen sampling issues, it was not possible 
to image the monolith that moved from the ECW to OCW solutions at 28 days; instead, Figure 
6.6a shows a monolith exposed to ECW for six months (hence the thick alteration products 
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present). The surfaces of MW25 leached in OCW for 28 days and then GW for an additional 
28 days are shown in Figure 6.6b and c, respectively.  
Figure 6.6 SEM images of a) MW25 exposed to ECW for 6 months, b) MW25 monolith exposed to ECW for 28 days 




i. MW25 glass dissolution in ECW solution 
The total thickness of the layers formed on the surface of the MW25 monolith (Figure 6.7) was 
40.50 ± 2.85 µm after 6 months of dissolution in ECW solution. The whole alteration layer was 
rich in K and Zr and also contained Na and Al. It was possible to distinguish two regions from 
the elemental mapping: the first (Layer 1), adjacent to the glass, was rich in Mg compared to the 
bulk glass and the outer layer (Layer 2). The Mg-rich areas included needle-like phases that also 
contained Si, K, Fe and Ca. The Mg:Si ratio was 1.14, and the Ca:Si ratio was 0.53 (Layer 1 
Spot 10). Layer 2, on the outer region of the alteration layer, was enriched in Ca, K and Si and 
also contained elevated concentrations of Mg (with respect to the bulk glass). The Ca:Si ratio in 
this region was 0.42.  It is possible that Layer 2 acted as an outer rim, as the features in Layer 1 
appear to originate from Layer 2 and grow towards the bulk glass. This complex alteration layer 
appears to comprise a mixed alkali- / alkaline-earth silica gel, in addition to precipitate phases 
comprised of multiple elements. 
 
Table 6.2 SEM EDS spot maps associated with (Figure 6..7)average elemental compositions at % of each alteration 











ii. MW25 dissolution in ECW+ OCW solution 
The SEM image shown in Figure 6.8 depicts the alteration products on a monolith of MW25 glass 
after exposure to ECW for 28 days followed by 28 days in OCW. There are two distinct alteration 
products: Layer 1 had the same composition as the bulk glass (Table 6.3) suggesting that this 
region is an area of broken glass at the surface of the monolith. The elemental analysis of Layer 
2 identifies depletion of Al, Mg and Na with enrichment of Ca relative to the bulk glass. The total 
thickness of this layer, identified as Ca-silica gel (Layer 2) was 1.43 ± 0.24 µm and had a Ca:Si 
ratio of 0.28. Residing on the surface of the Ca-silica gel were clusters of precipitates identified 
by grey scale variations on the BSE micrograph. Elemental maps confirm that these contain Ca 
and Mg and are likely precipitated phases. Significantly, there appears to be little or no K in the 
altered layers, indicating that the K incorporated in alteration layers in ECW solution had been 
leached, or otherwise redistributed. An alternative explanation may be that the K incorporation 
into alteration layers in the sample exposed to ECW in Figure 6.6 (for 6 months) requires longer 
time scales than 28 days to be achieved.  
Table 6.3 SEM EDS spot maps associated with Figure 6.8, average elemental compositions at % of each alteration 




Figure 6.8 Elemental maps of MW25 monolith exposed to ECW for 28 days and subsequently moved into OCW for 





iii. Dissolution of MW25 in ECW + OCW + GW solutions 
Figure 6.9 depicts a BSE micrograph of an MW25 monolith after being leached in ECW solution 
followed by OCW solution, and finally a 28 day period in GW solution. Four layers were 
identified on the micrograph based on grey scale variations; EDS analysis identified slight 
variations in Mg content in the layers. Layer 1, in direct contact with the pristine glass, exhibited 
cracks perpendicular to the alteration layers. Such cracks are often associated with sample 
preparation. Layers 1 - 4 have compositions indicative of silica gels (Table 6.4), with Layers 1 
and 3 containing twice as much Zr ~4 at % compared to Layers 2 and 3 with  ~2 at %. Layer 2 
was significantly depleted in Na compared to the pristine glass and Ca content was also reduced; 
Fe and Mg were enriched in this layer, which also contained Al. Layer 3 had reduced 
concentration of Al and Mg compared with the pristine glass, and elevated concentrations of Fe, 
Na and Ca compared to Layer 2. Finally, Layer 4 had the lowest Si content of the four gel bands, 
with an enrichment of Fe and Mg, with slight reductions in Al and Ca and significant reduction 
in Na compared to the pristine glass. Clearly, Mg, Fe, Zr, and to a lesser extent, Ca and Al were 
incorporated into this silica gel layer. Notable once again is the absence of K from the initial 
dissolution of MW25 in ECW. 
The precipitates that formed on the surface of the gel layers can be categorised as follows: 
Precipitate 1 comprised deposits of C from the sample preparation; Precipitate 2 is the bright 
region identified by ‘spot 34’, which is identified as a Ca-rich particle (XRD analysis (Figure 6.5) 
recorded the presence of calcite (CaCO3) and we attribute these particles accordingly); 
Precipitate 3 exhibited a large surface area and was abundant all over the sample – this is 
attributed to a Ca-Mg-Si containing precipitate with a Ca:Si ratio of 1.04 and a Mg:Si ratio of 0.7. 
Given the significant quantity of Al also present in this phase it is postulated to be the double 
layered hydroxide, hydrotalcite (Mg4Al2(OH)14.3H2O), which was identified by XRD analysis 
(Figure 6.5). The incorporation of Ca indicates that this is Mg/Ca variant of the hydrotalcite 
phase172,173, or that a Ca-silica gel surrounds Mg-rich hydrotalcite.  
Table 6.4 SEM EDS spot maps associated with Figure 6.9, average elemental compositions at % of each alteration 
layer on the surface of MW25 monolith after 28 days exposed to ECW and subsequently moved into OCW for a 






Figure 6.9 Elemental maps of MW25 monolith exposed to ECW for 28 days and subsequently moved to OCW for a 






6.2.4. Alteration layer formation on LBS glass  
The x-ray diffraction patterns of LBS glass monoliths are shown in Figure 6.10. Exposure to ECW 
solution for 28 days lead to the formation of calcite (CaCO3; PDF 00-001-0837), 
C-S-H (CaOSiO2H2O; PDF 00-033-0306) and hydrotalcite (Mg6Al2CO3(OH)6•4(H2O); 
PDF 00-014-0191).  After 28 days in ECW solution followed by 28 days in OCW solution, the 
same phases were identified, except for calcite, which was not present. There was also a reduction 
in the diffuse scattering in this sample. The diffraction pattern of LBS glass after exposure for a 
further 28 days to GW solution showed greater crystallinity of the hydrotalcite (sharper diffraction 
peaks) and the presence of C-S-H.  
Figure 6.10 Diffraction patterns of LBS monoliths exposed to ECW for 6 months, ECW and OCW 28 days in each 






 Figure 6.11a-c show the alteration products formed on the surface of LBS glass after the 
sequential dissolution experiment (as discussed previously, experimental constraints prevented 
analysis of the 28 day ECW sample, so a six month sample is shown for completeness). Alteration 
layers formed after 28 days in ECW solution followed by 28 days in OCW solution comprised a 
gel layer with nodular precipitates. After an additional 28 days in GW solution, a thicker gel layer 
was formed with chain-like nodule precipitates on the outer surface of the gel.  
 Figure 6.11 LBS monolith glass exposed to a)  ECW for 6 months, b) ECW then OCW for 28 days each, and c) 
ECW +OCW +GW for 28 days in each condition.  
 
 
i. Dissolution of LBS in ECW solution 
There were three distinct alteration layers that formed on the surface of the LBS monolith after 
6 months (Figure 6.12); the total thickness was 16.68 ± 1.35 µm. EDS spot 19 (Table 6.5) 
confirms that Layer 1 is a Ca-silica gel with an average thickness of 2.41 ± 0.28 µm that also 
contains an appreciable quantity of Fe and small amounts of Al, Mg and Na. The Ca:Si ratio of 
this layer was 0.37. Layer 2 was also identified as a Ca-Si layer, 1.58 ± 0.30 µm in thickness. The 
Ca:Si ratio of this layer was higher than Layer 1, at 1.08. The precipitates that formed on the outer 
surface of the monolith (Layer 3) extended the thickness of the alteration products significantly. 
EDS analysis indicated that these clumps were Ca-rich; spot 25 shows the nodules as mainly 
being composed of Ca with a small amount of Si. Other nodules in Layer 3 contained much greater 
quantities of Si and trace amounts of Fe, Al, Mg and Na. Unlike MW25 glass, Zr and K did not 
seem to play a significant role in alteration layer formation in ECW solution, while Fe was a key 
contributor to the silica gel layer composition. 
Table 6.5 SEM EDS spot maps associated with Figure 6.12, average elemental compositions at % of each alteration 












ii. Dissolution of LBS in ECW+ OCW solutions 
The SEM micrograph of an LBS glass monolith after sequential exposure to ECW and OCW 
solutions (28 days in each) is shown in Figure 6.13. A Ca and Fe-rich silica gel layer (Table 6.6), 
1.87 ± 0.15 µm in thickness, was observed. A second layer (Layer 2) resided on the outside of 
Layer 1 and comprised small nodules with a very bright BSE contrast; EDS confirmed these 
nodules to be rich in Ca and Fe. The Ca:Si ratio of the nodules was 1.2, compared with 0.2 for the 
Ca-silica gel layer in Layer 1. EDS ‘Spot 11’ was taken on a region of small needle-like phase, 
and was found to be rich in Mg, Ca and Si (Table 6.6). XRD analysis (Figure 6.10) identified the 
phase hydrotalcite, a Mg-bearing double layered hydroxide which has a platy morphology which, 
if viewed in cross-section, would appear to be needle-like. As discussed in Section 6.2.3.iii, while 
hydrotalcite is nominally a Mg-bearing phase, it is possible to incorporate Ca172,173. XRD analysis 
also confirmed the presence of C-S-H; all of the alteration layers identified in this sample by SEM 
contained significant amounts of Ca, Fe and Si, and Layer 2 had a Ca:Si ratio that falls into the 
accepted range for C-S-H (0.5 to 2.5128,58). 
 
Table 6.6  SEM EDS spot maps associated with Figure 6.13, average elemental compositions at % of each alteration 










iii. Dissolution of LBS in ECW + OCW + GW solutions 
Three distinct phases formed on the surface of the LBS sample shown in Figure 6.14. Layer 1 is 
composed of an Fe- and Ca-rich silica gel (containing > 40 at % Si and nearly 20 at % Fe) which 
also contained Al, Mg and Na. The total thickness of Layer 1 was 2.90 ± 0.27 µm. Elemental 
maps indicate depletion of Al in this layer relative to the bulk glass. A thin band of nodules in a 
chain-like arrangement formed Layer 2, which had a composition similar to Layer 1, but with 
more Al and a significantly higher concentration of Ca. The nodules attached to Layer 2 were rich 
in Si, Fe and Ca, with a Ca:Si ratio of 0.68. XRD analysis (Figure 6.10) identified the presence of 
semi-crystalline C-S-H on the surface of the glass sample. While the Ca:Si ratio of the nodules 
observed here is within the acceptable range for C-S-H, the morphology is unusual for C-S-H, 
which typically form wispy precipitates (e.g. see Chapter 4).  Thirdly were precipitates composed 
of Mg-silicate with a Mg:Si ratio ~ 1.0, identified by EDS spots 13 and 14. XRD analysis did not 
identify any Mg-silicate phases, suggesting that either these phases are amorphous, or more likely, 
that they were present in concentrations below the detection limit of the XRD. It may be possible 
to discern the nature of these phases by performing longer timescale experiments, or using TEM 
/ SAED analysis techniques.  
Table 6.7 SEM EDS spot maps associated with Figure 6.14, average elemental compositions at % of each alteration 






Figure 6.14 SEM elemental maps of LBS monolith after exposure to ECW for 28 days and OCW for a further 28 







6.2.5. Alteration layer formation on ISG glass  
X-ray diffraction patterns for ISG monolith samples after dissolution in the sequential dissolution 
test revealed the presence of calcite (CaCO3; PDF 00-001-0837) and C-S-H (CaOSiO2H2O; 
PDF 00-033-0306) after exposure to ECW solution for 28 days; the peak at 32.05o 2θ, attributed 
to C-S-H, is broad indicating the poorly crystalline nature of this phase. In contrast, after an 
additional 28 days of exposure to OCW solution, this peak sharpened considerably, behaviour 
that may attributed to development of crystallinity. Calcite was also present under these 
conditions. 
The diffraction pattern collected for ISG exposed sequentially to ECW + OCW + GW showed 
the same diffuse scattering observed for the pristine glass in addition to a peak at 30.3 o 2θ. This 
is attributed to the phyllosilicate phase, rhodesite (K0.6Na0.4HCa2Si8O19•5(H2O); 
PDF 00-022-1253). This is in agreement with the solution chemistry data for K in GW solution 
(Figure 6.4), which showed a significant decrease in K concentration in the presence of ISG when 
compared to the blank solution. Ferrand et al.174 identified rhodesite on the surface of ISG exposed 
to synthetic young cement water at 70 oC and it was identified on the surface of ISG in the 
presence of YCW and YCWCa in Chapter 4. It was also possible to identify some small, broad 
peaks associated with calcite and C-S-H.  
168 
 
Figure 6 15 Diffraction patterns of ISG monoliths exposed to ECW for 6 months, ECW and OCW 28 days in each 





The alteration layers that developed on the surface of the ISG samples during the sequential tests 
manifest as finely banded layers. Figure 6.16a depicts a BSE micrograph of an ISG monolith after 
6 months in ECW. Multiple thin bands were observed in the alteration layer and large blocky 
particles were embedded in the epoxy. When ISG was exposed to ECW + OCW solutions, the 
thickness of the alteration products was the same as the ISG exposed to 6 months in ECW 
(4.05 ± 0.19 μm in ECW and 4.22 ± 0.25 μm ECW + OCW), despite the large difference in time 
scales. A single gel layer with three banded layers residing on top of the gel was observed.  
Sequential dissolution of ISG in ECW + OCW + GW (28 days each) resulted in the formation of 
a gel next to the pristine glass, followed by a band of nodular precipitates with bright z-contrast 
in the BSE micrograph. There was a large gap between this layer and the next, which was likely 
due to delamination during sample preparation. The outer layer appeared similar in morphology 
to that observed in ECW + OCW solutions, with thin bands. In the bottom right hand side of the 
image, a precipitate phase with a large surface area can be seen. 
Figure 6.16 ISG monolith glass exposed to ECW for 6 months, centre image ECW +OCW for 28 days each, RHS 





i. Dissolution of ISG in ECW solution 
Dissolution of ISG in ECW solution for 6 months resulted in the formation of multiple bands on 
the surface of the glass (Figure 6.16). Layer 1, in direct contact with the glass was a band of 
Ca-silica gel (Ca:Si ratio of 1.6, Table 6.10) with striations throughout. Layer 2 comprised small 
nodules that contained a higher quantity of Fe, Mg and Ca compared to the bulk glass. The Ca:Si 
ratio of Layer 2 was 0.33. Layer 3 was a thin band with a lighter grey contrast in the BSE image; 
it had a similar Ca content as in the bulk glass and contained significantly elevated concentrations 
of Na with a small amount of Al. The precipitate on the surface of the glass was composed of Na, 
Al, Ca and Si (spot 53, Table 6.9 and Figure 6.17). Diffraction analysis of the monolith did not 
reveal any Na-bearing phases, only calcite and C-S-H, however, previous studies26175 of the 
dissolution of ISG in high pH solution have observed the formation of the zeolite phase, analcime 
(NaAlSi2O6·H2O) which has a composition consistent with the EDS analysis (except for Ca; 
perhaps C-S-H coats the analcime precipitate). 
Table 6.10 SEM EDS spot maps associated with Figure 6.17, average elemental compositions at % of each alteration 











ii. Dissolution of ISG in ECW + OCW solutions 
The alteration layers formed on the surface of ISG monolith after 28 days in ECW solution 
followed by 28 days in OCW solution resulted in alteration products with a total thickness of 
4.22 ± 0.25 µm. The Ca-Si gel layer (Layer 1), in direct contact with the glass, was 
2.27 ± 0.06 µm thick and had a Ca:Si ratio of 0.30.  Layer 2 was also composed of Ca and Si 
(with a Ca:Si ratio of 0.43) and was packed with small nodules. Layers 3 and 4 were thin bands 
with uniform morphology, comprised of Ca, Si, Al and Na (the Ca:Si ratio was 0.47). The 
presence of Zr in the gel (Layer 1) is evident from the spot maps outlined in Table 6.11 but 
significant enrichment was observed in Layers 2, 3 and 4 in similar quantities  ̴10.5 at %, similar 
banding was observed by Backhouse70 and Gin et al.167 for ISG in high pH solutions.  
The elemental maps in Figure 6.18  are taken from a different section on the monolith. The 
resolution was not sufficient to distinguish compositional variation in the thin alteration bands, 
however, it was possible to confirm the alteration layers are enriched with Ca.   
Table 6.11 SEM EDS spot maps associated with Figure 6.18, average elemental compositions at % of each alteration 











iii. Dissolution of ISG in ECW + OCW + GW solutions 
In direct contact with the ISG glass (Figure 6.19) was a layer of silica gel containing Ca, Zr and 
Al (Layer 1); it exhibited a Ca:Si ratio of 0.3. Directly on top of the gel layer were nodules, but 
identification of the composition was not possible due to the low resolution of the analysis 
performed. The gel was 1.59 ± 0.22 µm thick and the combined thickness of the gel and the 
nodules was 2.27 ± 0.39 µm. A large gap, sparsely filled with S, C and Cl-rich particles, between 
Layers 2 and 3 are attributed to epoxy resin and contamination resulting from carbon sputtering 
prior to analysis by SEM. Layer 3 was 0.99 ± 0.15 µm thick and was composed of Ca, Si, Zr, Al 
and Mg. The latter must have originated from the solution since there is no Mg in the ISG 
composition; this is consistent with solution concentration data for Mg (Figure 6.4) that showed 
a significantly lower Mg content than in the blank. On the far right side of the micrograph, a Mg, 
Al and S-bearing silica phase (with an Mg:Si ratio of 0.44) was observed; this composition is 
indicative of the precipitation of phyllosilicate minerals. XRD identified rhodesite 
(Ca,Na2,K2)8Si16O40·11H2O, however in  Figure 6.19 the presence of rhodesite was not evident, 
this image only depicts a small percentage of the sample. 
 
Table 6.12  SEM EDS spot maps associated with Figure 6.19, average elemental compositions at % of each 
alteration layer on the surface of LBS monolith after 28 days exposed to ECW followed by 2 days in OCW and 




Figure 6.19 SEM elemental maps of ISG after exposure to ECW, OCW and groundwater for 28 days in each 
condition 
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6.2.6. Geochemical modelling 
The concentration data from ICP-OES analysis for the sequential dissolution experiment were 
input into PHREEQC using the Hatches thermodynamic database (Figure 6.20). Blank solutions 
containing no glass, but experiencing removal of solution after 28 days and replacement with the 
next solution in the sequence were first modelled to understand the solution conditions prior to 
glass dissolution.  The Ca-Si phases (C-S-H and tobermorite) were saturated in ECW and OCW 
blank solutions; in GW solution, which contains little Ca, they were significantly undersaturated. 
This was also the case for the other major Ca-bearing phase, Portlandite, and also ettringite. The 
Mg-bearing phases, talc and saponite-K, were saturated in all blank solutions, and their saturation 
index increased in the GW blank solution compared to the ECW and OCW blank solutions. The 
Mg-clay, sepiolite, was undersaturated in ECW and OCW blank solutions, but became saturated 
in GW blank solution. In contrast, having been saturated in ECW and OCW blank solutions, 
hydrotalcite was predicted to be undersaturated in the GW blank, and the saturation index of 
brucite was decreased in GW blank solution (as expected for a lower pH solution). Goethite was 
undersaturated in ECW and OCW solutions, but saturated in the GW solution.  
The geochemical models of the glass-solution interactions did not deviate significantly from the 
trends observed for the blank solutions (Figure 6.20). The only deviation to note is hydrotalcite; 
in the blank solutions, it was predicted to be undersaturated in ECW and GW but saturated in the 
OCW. Upon contact with glass powder, hydrotalcite was predicted to be saturated, or in 
equilibrium, with all solutions. Undersaturation in the ECW blank can be explained by the low 
Al and Mg concentrations measured (10.0 ± 0.5) x 10-3 mg L-1 and (2.00 ± 0.01) x 10-2 mg L-1 
respectively. When the ECW was replaced by OCW solution, the Al concentration remained the 
same and a slight increase in the Mg concentration was measured (0.33 ± 0.02 mg L-1), hence the 
precipitation of hydrotalcite. Replacement of the leachate with groundwater resulted in very low 
Al concentrations (2.2 ± 0.1) x10-2 mg L-1 and elevated Mg concentration 5.84 ± 0.29 mg L-1, it is 
likely there was simply not enough Al in the GW blank solution to form hydrotalcite.  
There was no deviation for other phases identified, for example, portlandite and C-S-H were 
saturated in blank and glass-containing solutions of ECW and OCW. Changing the leachate to 
GW solution resulted in these phases becoming undersaturated or, in the case of LBS, close to 
equilibrium. Significantly, taken as a whole, these geochemical modelling results indicate that the 




Figure 6.20 Geochemical modelling of the blank synthetic cement waters and granitic groundwater, and the solution 







The aim of this study was to investigate the influence of an evolving cement porewater chemistry 
on the dissolution mechanisms of simulant glass wasteforms, mimicking a geological disposal 
facility at long timescales. This initial study was conducted at 50 oC under static leaching 
conditions; the glass was first exposed to ECW for 28 days, then OCW and finally a granitic 
groundwater for 28 days each.  
6.3.1. The influence of glass composition on glass dissolution rates 
It would be reasonable to expect that as the solution aged and the pH decreased, the amount of 
corrosion (as measured by NLB) would decrease. The dissolution rate of the complex glasses 
(MW25 and LBS) decreased a little as the solution changed toward more evolved compositions. 
ISG exhibited the greatest decrease in dissolution from ECW to OCW, indicating that, to a certain 
extent, dissolution is controlled by glass composition. For all the glass compositions the 
introduction of GW was the biggest influence. The NL data in Figure 6.3 show a reduction in the 
amount of B leached from the glass into the solutions; from 1.24 ± 0.14 g m-2 in ECW, to 
0.36 ± 0.02 g m-2 and finally 0.14 ± 0.01 g m-2 after E + O + GW leachates. It is evident from the 
data presented in Figure 6. that the simulant waste glasses (MW25 and LBS) behave differently 
when compared to ISG, (other authors have observed differences in dissolution rates and 
alteration products between simple glasses and complex nuclear glasses26,76,176,177). The effect of 
pH can be disregarded because the pH was very similar for all three glasses in each of the solutions 
(see Figure 6.2).  
Dissolution of ISG lead to the formation of alteration layers that were morphologically and 
chemically different to those formed on MW25 and LBS glass. ISG exhibited banding; SEM EDX 
showed the bands / layers to be rich in Zr. Similar banding has been observed on ISG in highly 
alkaline solutions by other authors; Backhouse70 in saturated Ca(OH)2, Gin et al.167 in KOH, and 
in Chapter 5 of this thesis (the leachate was synthetic young cement water with added Ca). 
It has been shown that Zr is insoluble at pH90 oC <10.5 (Lobanova et al178 and Cailleteau et al.96,169), 
however, in highly alkaline solutions, Zr is mobile and can be heterogeneously distributed in silica 
alteration layers. Gin et al. 167 and Backhouse70 observed enrichment of Zr in some layers while 
it was absent in others, suggesting dissolution / re-precipitation of Zr-silicate gels. Incorporation 
of Zr into Si-gel has been shown to inhibit restructuring of the gel layer (enhancing porosity and 
thus dissolution) 96,169. In Chapter 5 ISG exposed to YCWCa resulted in disruption of the Si-gel 
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and lead to the formation of a Ca-silica gel with dense Si-Zr layers that restricted fluid 
transportation, decreasing the glass dissolution rate.  In this Chapter, Zr rich bands were identified 
in the BSE micrographs (Figure 6.), however the EDS associated with these images were not of 
high enough resolution to distinguish if the bands observed were Zr-rich or depleted. Zirconium 
was not identified in the precipitate indicating that the element is exclusively partitioned into the 
alkali-silica gel. The accumulation of alkali and alkaline earth ions in the alkali silica gel are able 
to charge balance the negative [ZrO6]2- species45.  
It is evident from the SEM EDS data (Table 6.5)  that LBS samples exhibited significant 
incorporation of Fe in the gel and secondary precipitates that formed on the glass in each of the 
aging leachates (an increase of 10 at % in the gel compared to the bulk LBS glass, MW25 only 
experienced an increase of 2 at %). Iron has been shown to have a dual effect on dissolution 
kinetics by Gin et al.179; it can cause the gel to restructure leading to improved passivating 
properties180, or it can promote dissolution by precipitating Fe-silicate secondary phases. It is 
thought that the dissolution kinetics of low Fe-containing glasses (MW25) is controlled by 
passivation while Fe-rich glasses (LBS) are controlled by precipitation of Fe-silicate phases. The 
rate of dissolution for MW25 and LBS in ECW (Chapter 4, Table 4.2) was (0.62 ± 0.01) x10-2 
and (1.84 ± 0.1) x10-2 g m-2 d-1, indicating that the Fe-rich (10.2 wt%/ 4.2 mol%) LBS dissolved 
faster than MW25 which had a low Fe content (2.38 wt % / 0.99 mol %), favouring the second of 
the two effects postulated by Gin et al. The behaviour of Fe in glass dissolution, and particularly 
for Fe-rich waste streams under consideration for vitrification, requires further study.  
6.3.2. The effects of an evolving geochemistry on glass dissolution and 
alteration layer formation 
The MW25 and LBS compositions experienced a reduction in the concentration of B in solution 
when the leachate was changed from ECW to OCW, but an increase when the leachate was 
replaced with GW solution, indicating that the dilute nature of the GW facilitates enhanced 
dissolution. This effect was reversed for the ISG composition, as discussed further below. 
The normalised mass loss of B from the MW25 and LBS glass compositions in OCW solution, 
from Chapter 4, is shown in Figure 6.21. Also plotted on this graph are the NLB data resulting 
from exposure of the glasses to the sequential solutions investigated in this Chapter. This graphs 
serves the purpose of highlighting the fact that, even though the glasses had a high NLB in ECW, 
when the solution was replaced with OCW, the NLB dropped to the same level as for the OCW 
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solution in Chapter 4, when there was no replacement. This is especially evident for the LBS glass 
composition. This suggests that although alteration layers had formed on the surface of the glasses 
during exposure to ECW for 28 days, their presence did not significantly alter the dissolution 
behaviour in OCW (if they did, the NLB values for ECW + OCW would be extremely different 
to those for OCW alone). These data also highlight the significant effect that granitic groundwater 
has on the dissolution of MW25, as compared to all of the cementitous solutions. This effect 
seems to be lower for the LBS glass composition, but nevertheless, shows that the dilute nature 
of the GW solution facilitates enhanced dissolution.  
Diffraction patterns of MW25 and LBS showed that precipitated phases, and particularly C-S-H, 
increased in crystallinity when the ECW solution was replaced with OCW and also with GW. 
This correlates with the formation of C-S-H precipitates on the surface of the gel layer (as 
identified by XRD Figure 6.5 and 6.6). Concurrently, the Ca:Si ratio of the precipitated phases 
was observed to increase for MW25 glass as the leachate was replaced (Table 6.12). This is in 
agreement with the development of a more Ca-rich, crystalline C-S-H. XRD and SEM EDS of 
LBS in ECW solution confirmed that the dominant alteration phase was C-S-H when the leachate 
was replaced with OCW and GW. As for MW25, the diffraction pattern became more crystalline 
as more precipitates formed on the surface of the glass. However, for the LBS glass, the EDS data 
show the precipitates to be Mg-rich in OCW solution (corresponding to hydrotalcite identified by 
XRD) and Fe-rich in the GW solution. The Fe-rich phase was not identified by XRD, therefore it 
is likely to be amorphous Fe-silicates. 
ISG behaved differently to the MW25 and LBS glasses, most notably, the dissolution rate (as 
shown by the NLB) decreased throughout the sequence of solutions, even in the GW solution, 
which caused the MW25 and, to a lesser extent, the LBS glass, to rapidly dissolve. This may be 
due to the nature of the alteration layers, including the Zr-rich silica gel (as described in the 
Figure 6.21 Comparison between OCW NLB data from Chapter 4 and the sequential NLB obtained in Chapter 6 
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previous Section), and also the precipitated phases. For the precipitates formed on the surface of 
ISG, the Ca:Si ratio increased after the ECW solution was replaced with OCW solution. This 
correlates with C-S-H becoming more crystalline as identified by XRD. The diffraction pattern 
after exposure to GW is completely amorphous, with an area of diffuse scattering indicative of 
poorly-crystalline C-S-H. Thus, it is hypothesised that the C-S-H precipitates acted to protect the 
ISG from dissolution in GW solution, by themselves dissolving. Evidence for dissolved alteration 
products was seen in Figure 6.19 which shows the absence of Zr bands on the ISG sample after 
exposure to GW. The dissolution of precipitated layers would reduce the diffusion gradient 
bringing the system towards equilibrium, therefore reducing the loss of B from the glass. The 
same mechanism, but controlled by Fe-silicate precipitates, may explain why the LBS glass did 
not dissolve as rapidly as MW25 when in the presence of GW solution. 
In all of the glasses studied, and all of the solutions, the silica gel that formed was composed of 
mixed alkali/alkali earth ions from solution.  
Table 6.13  Alkali:Si ratios for the gel and precipitates formed under each experimental condition, the threshold for 
alkali silica gels are as follows; Na + K :Si ratio 0.05-0.6, Ca + Mg :Si 0-0.26 and C-S-H Ca:Si ratio 0.4-2.5 
(atomic ratios) 
 
6.3.3. Implications for waste disposal 
To underpin the developing safety case for the geological disposal of vitrified wastes, it is 
important that dissolution behaviour under changing conditions, i.e., as the cement utilised in the 
construction and backfill materials evolves and groundwater penetrates these materials, can be 
predicted. The results presented in this Chapter indicate that dissolution of simulant waste glasses 
in groundwater occurs more rapidly than in evolved and old synthetic cement leachates but, at 
least in the case of simplified model glasses like the ISG, the precipitates may have a protective 
nature. Further work should be focused at understanding the dissolution rate of various alteration 
layer phases in groundwater solutions, so that their protective properties can be understood.  
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The data presented here have shown that complex multi-layer alteration products form on the 
surface of glasses in a short space of time, despite the glasses experiencing saturated and dilute 
conditions in a cyclical fashion, resulting in dissolution and re-precipitation of secondary 
precipitates and possibly gel phases. Through the introduction of fresh leachate, the concentration 
and type of soluble species in solution is altered and the pH changes. This has a strong influence 
on the nature of precipitated phases, as seen here for the increasing crystallinity and changing 
composition of C-S-H, and the formation of rhodesite [(K0.6Na0.4HCa2Si8O19·5(H2O)] on the 
surface of ISG exposed to GW solution. Although not observed on the timescales of the 
investigation presented here, such changes in solution chemistry and precipitated phases has been 
linked to the onset of stage III (rate resumption) dissolution behaviour.  
Resumption of dissolution is defined by the sudden acceleration of the glass alteration rate after 
the residual rate regime26. The currently recognised mechanism for rate resumption involves a 
rise in pH (to above pH 11) and the precipitation of zeolite phases. These are grown at the expense 
of the aluminosilicate alteration layer gel181 by consuming Si and Al from the gel, leading to  the 
breakdown of the alteration layer, a change in Si and Al solubility, and the renewed dissolution 
of the glass at a rate greater than the residual rate. There is still much uncertainty about how this 
occurs, but under the high pH conditions of a cementitious disposal facility, the formation of any 
phase that can consume Si and Al from the glass should be considered a potential risk to rate 
resumption. Further research is required to investigate the role of C-S-H and other phyllosilicate 
minerals (such as hydrotalcite and rhodesite) in rate resumption.  
The presence of Fe has been linked to enhanced glass alteration. Significant amounts of Fe are 
likely to be present in a GDF post-closure due to corrosion of the steel canisters housing the 
vitrified waste. Iron enhances glass alteration through two processes: i) precipitation of Fe-
silicates, which could act to continually remove Si from solution or the gel (reducing the 
protective properties of the gel73); and ii) formation of an amorphous Fe-rich gel layer181,182. In 
the current study Fe was identified in the alkali-gel and as Fe-silicates on the LBS glass. The 
source of Fe in this instance was the glass, however in a disposal facility environment all glass 
compositions will be exposed to large quantities of dissolved Fe therefore increasing the 
probability of enhanced glass dissolution.  
This research emphasises the requirement for glass dissolution studies that consider the impact of 
canister corrosion and saturation of the engineered barriers by groundwater.  
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Chapter 7. Glass Dissolution using BFS:PC- and NRVB-
equilibrated Water 
7.1. Introduction  
Until now, this thesis has focused on the dissolution of glass in synthetic cement waters that were 
conceptualised from a Portland cement (PC), with no additives. In reality, the cements used within 
a geological disposal facility will be varied in composition, and will contain various 
supplementary cementitious materials (SCMs) added to Portland cement to alter their properties 
for specific tasks. For example, in the KBS-3 geological disposal concept of Sweden, Finland and 
France (also under consideration for the UK’s HLW) it is envisaged that a “low pH” cement (pH 
of ≤ 11)183 will be used to line vaults within the disposal facility and to act as plugs and seals for 
bentonite-clad disposal vaults. In such cements, the pH is lowered by the addition of blast furnace 
slag (BFS, a largely amorphous material that is a by-product from the iron and steel industry184 ) 
and / or silica fume. There is very little free portlandite in low pH cements, resulting in a cement 
composed mostly of C-S-H. This has benefits to the disposal concept including approximately 
50% less hydroxyl ions than conventional Portland cement, for a given volume of cement183; 
pH ≤ 11 is considered acceptable for avoiding alteration of bentonite185.  
One of the conceptual scenarios for UK ILW disposal, in a hard rock geology, plans to use a high-
pH cement, composed of Portland cement, Ca(OH)2 and CaCO3. The Ca-rich fillers in this 
cement, known as the Nirex Reference Vault Backfill (NRVB), confer some specific properties, 
important for the safety functions of the GDF, which include: low strength to allow for retrieval 
of the waste packages if required; high porosity to facilitate gas transportation; large surface areas 
for radionuclide sorption; and conditioning of ground water to a high pH to retard the 
transportation of radionuclides7,5, by reducing their solubility186,187.  
Due to the use of widely different SCMs, the composition and proportion of cement phases that 
form upon the hydration of BFS:PC and NRVB are significantly different. NRVB contains a 
significantly high proportion of Ca and carbonate (6.44 wt % CaCO3), while a BFS:PC cement, 
typically blended at a ratio of 3:1 BFS:PC for construction applications188,  consists of calcium 
silicates and aluminosilicates (from the pozzolanic reaction of BFS) and a much lower 
concentration of CaCO3 (2.49 wt %).   There are significant differences in the content of Ca, K, 
and Si in each of the cement materials. Thus, when groundwater contacts these cements it is 
expected that the cement pore solution will exhibit different compositions.  
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To understand the effects that different cements may have on the dissolution of nuclear waste 
glass, this Chapter will compare the effects of BFS:PC (5.67:1)- and NRVB- equilibrated water 
(eq. water) on the dissolution mechanisms and kinetics of simulant glass wasteforms. The 
behaviour of MW25 glass (expected to contact solutions of BFS:PC cement in a GDF) and LBS 
glass (expected to contact solutions of NRVB cement in a GDF) are investigated, in addition to 
the International Simple Glass (ISG), allowing a comparison between other literature studies on 
dissolution in simplified solutions and also those on synthetic cement solutions in Chapters 4 to 6.  
The methodology to prepare cement-equilibrated waters is described fully in Chapter 3. In brief: 
hardened cement pastes of NRVB and BFS:PC were cured for 826 days and equilibrated with 
deaerated UHQ water3 for 28 days. The solutions were filtered prior to use in crushed glass 
powder (PCT-B) experiments. The resulting solution compositions are shown in Table 7.1. 
Samples of glass were contacted with these solutions at 50 °C for 112 days.  
Table 7.1 Composition of NRVB and BFS:PC eq. water, mg L-1, measured by ICP-OES. The values listed below 
are the average of all the blank samples throughout the 112 day experiment, errors are the standard deviation 




Element Concentration, mg L-1 
 NRVB BFS:PC 
 pH(RT) 12.65 ± 0.2 pH(RT) 12.53 ± 0.2 
Ca 766 ± 59 487 ± 28 
Na 13 ± 10 43 ± 6 
K 36 ± 5 74 ± 7 
Al 0.08 ± 0.2 1.96 ± 0.7 
Si 1.79 ± 1.4 0.34 ± 1.4 
*Mg 16 ± 9. * 0.30 ± 0.2 
Fe 1.57 ± 0.7 1.67 ± 1.4 
S 10 ± 7 13.5 ± 1.5 
*CaCO3 0.88  0.88 
*Mg conc = 0 day 1-42, day 56 onwards ~ 20 mg L-1 
*CaCO3 conc= calculated based on the dissolution of calcite in  
the hardened cement pastes using PHREEQC 
                                                     
3 For simplicity, the hardened cement pastes were equilibrated in UHQ to gain a full 
understanding of the influence of cement composition on glass dissolution. Although previous 
Chapters assumed cement was equilibrated with clay groundwater, the necessary geochemical 
data to model NRVB or low-pH cement in granite, clay or saline water are not yet available; this 
is the topic of a current sister-PhD project ongoing at The University of Sheffield, and data will 





7.2. Results (MW25, LBS & ISG in Equilibrated Cement 
Waters) 
7.2.1. pH 
Crushed glass with a surface area to volume ratio of ~1200 m-1 was exposed to cement 
equilibrated waters in static PCT-B tests. Figure 7.1 shows the pH of the cement equilibrated 
solutions over the course of the 112 d experiment.   
It is well evidenced that pore solution from Portland cement pastes and BFS:PC pastes are in the 
range of pH(RT) 12.4 to 13.5 (thus, within this Chapter, the BFS:PC cement is not a “low-pH” 
cement, but rather a lower pH cement than NRVB)8. The measured pH of both blank solutions 
was observed to reside in this region. The average value for the BFS:PC eq. water blank was 
pH(RT) 12.5 ± 0.2 and for the NRVB-eq. water blank was similar, at a value of 
pH(RT) 12.7 ± 0.2. The MW25 and LBS glasses had a similar pH (within error). ISG exhibited a 
significant reduction in the pH(RT), from 12.5 ± 0.1 at 1 d to 11.3 ± 0.1 at 70 d, in the BFS:PC 
solution, indicating a potential removal of OH- ions from the cement leachate.  The pH remained 
above pH 10 in all cases, suggesting that carbonation of the solutions by atmospheric CO2 did not 
occur.  
Figure 7.1 pH(RT) measurements for NRVB and BFS:PC eq. solutions without (blank) and upon contact with 





7.2.2. Comparison of dissolution rates determined for MW25, LBS & ISG 
leached in BFS:PC and NRVB-equilibrated water  
The dissolution rates of MW25, LBS and ISG were determined using the normalised mass loss 
of B as a tracer element (since not all glasses contained Li, this allows direct comparison of rates 
as a function of glass composition). The measured initial rates, calculated from the data points 
before the rate drop regime (identified by the slow-down of dissolution), are given in Table 7.2, 
in addition to the residual rate.  
Table 7.2 Initial and Residual Rates, g m-2 d-1 for all glasses leached in NRVB and BFS:PC eq. water. 
  Initial  Rates (NR0) NLB, g m-2 d-1 Residual Rates (NRa) NLB, g m-2 d-1 
   BFS:PC   NRVB   BFS:PC   NRVB  
MW25 (0.31 ± 0.01) x10-2 (1.17 ± 0.09) x10-2 (0.06 ± 0.01)  x10-2 (0.38 ± 0.02) x10-2 
LBS   (1.42 ± 0.30) x10-2 (0.41 ± 0.03) x10-2 (0.32 ± 0.01) x10-2 
ISG (1.61 ± 0.03) x10-2 (2.21 ± 0.38) x10-2 (0.11 ± 0.04) x10-2 (0.33 ± 0.05) x10-2 
NR0(1-42 or 1-21 days) NRa (to 112 days) 
NR0(1-56 or 112 days)     
 
Based on the initial rates for BFS:PC eq. water, ISG exhibited the fastest dissolution rate, as 
measured over the first 21 d at (1.61 ± 0.03) x 10-2 g m-2d-1. The lowest initial dissolution rate was 
exhibited by MW25, with a rate of (0.31 ±0.01) x 10-2 g m-2 d-1, as calculated over the initial 21 d. 
The residual rate for MW25 and ISG was approximately an order of magnitude lower than the 
initial rates. It was not possible to calculate an initial rate for LBS as it did exhibit a “rate drop”, 
however, the formation of a gel layer, as determined by SEM shown in Figure 7.7, confirms that 
the glass did enter the residual rate regime. The corresponding dissolution rate was an order of 
magnitude greater than those observed for MW25 and ISG. 
For glasses dissolved in NRVB eq. water, the initial rate was between 1 to 5 times greater 
(depending on glass composition) than for glasses dissolved in BFS:PC eq. water. ISG exhibited 
the fastest initial rate when exposed to NRVB eq. water, as measured over the first 42 d, at 
(2.21 ± 0.3) x10-2 g m-2 d-1. The residual rates for MW25 and LBS were three times lower than the 
initial rates obtained; ISG exhibited a 6-fold reduction in the rate of dissolution, from 




 Figure 7.2 Glass dissolution rates, g m-2 d-1 for MW25, LBS and ISG exposed to BFS:PC eq. cement water. 
  




7.2.3. Normalised Mass Loss of elements from MW25, LBS & ISG leached in in 
BFS:PC equilibrated water  
The normalised mass loss of elements from MW25, LBS and ISG in BFS:PC eq. water as 
determined from ICP-OES analysis of filtered sacrificial triplicate aliquots, is depicted in Figure 
7.4. Generally, LBS was observed to release a greater amount of each element from the glass to 
the solution when compared with MW25 and, as the experiment progressed, the separation 
between the NLi values of LBS and MW25 increased. ISG generally had the highest NLi values 
compared with the other glasses, as might be expected from its simplified 6-component 
composition, with the exception of Al (discussed later).  
An increase in the release of B from all glass compositions was observed. ISG released the 
greatest amount of B, with the maximum normalised mass loss of NLB (45.1 ± 0.9) x 10-2 g m-2 
after 112 d. The LBS glass composition released less B than the ISG, with the exception of the 
final time point when the greatest normalised mass loss of B occurred (NLB = 
(58.62 ± 2.9) x10-2 g m-2). The NLB for MW25 was approximately half that of ISG, giving a 
maximum value of (20.37 ± 3.4) x 10-2 g m-2 after 112 d. The NLLi for MW25 and LBS increased 
from (1.38 ± 0.90) x 10-2 g m-2 to (49.0 ± 8.0) x 10-2 g m-2 for MW25 and 
(123.0 ± 34.0) x 10-2 g m-2 for LBS after 112 d. For the first 28 d the values were similar, followed 
by a more rapid release of Li from LBS (in agreement with the NLB).  
The NLSi values remained close to zero for the first 14 days for ISG before continued release was 
observed with a maximum NLSi value of (5.70 ± 0.02) x 10-2 g m-2 at day 112. LBS exhibited a 
“Si-incubation” period for the first 28 days (during which time no Si was released). After 28 d, 
the NLSi increased until a maximum of (8.33 ± 0.4) x 10-2 g m-2 was reached at 112 d. The NLSi 
of MW25 also remained close to zero, but in contrast to the other glass compositions, it remained 
at this value for the duration of the experiment; the maximum NLSi for this glass was 
(0.39 ± 0.05) x10-2 g m-2 at day 112. 
Aluminium was continuously released into solution for MW25 and LBS, however for ISG, after 
an initial increase, Al was consumed from solution after 21 days. This may be explained by an 
Al-enriched layer close to the pristine glass, as observed in the SEM EDS analysis (see 
Section 7.2.4). The normalised mass loss of Mg was low for MW25 and LBS, with values of 
< 0.015 g m-2. Mg is not present within ISG, therefore is not reported here.  Sodium followed a 
similar trend to Li, with the data points for MW25 and LBS being very close to zero for the first 
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28 d, after which time the NLNa values increased to (60.0 ± 10.2) x 10-2 g m-2 and 
(195.0 ± 60.0) x 10-2 g m-2 at 112 d. 
 
Figure 7.4 Normalised mass loss of elements from MW25, LBS and ISG glass powders exposed to BFS:PC 
eq. water for 112 days. 
 
The major alkali and alkali earth components of equilibrated BFS:PC water are K and Ca, Figure 
7.5 indicates that the concentration of Ca in the blank solutions remained around 800 mgL-1, while 
in the presence of glass powder, the concentration of Ca in BFS:PC eq. water diminished. This 
correlates with the formation of a Ca-containing silica gel surrounding the glass grains 
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(Section 7.2.4). Calcium is removed from solution most rapidly in ISG, and the other glasses 
follow the trend of ISG > LBS > MW25. The concentration of K in solution did not differ from 
the blank within error.  
Figure 7.5 Concentration of Ca and K in BFS:PC eq. water over the duration of the experiment, errors are 
calculated based on the standard deviation of triplicate ICP results. 
 
 
7.2.4. Alteration Layer Formation in BFS:PC-equilibrated water for  
   MW25, LBS & ISG 
The x-ray diffraction patterns of unreacted glasses are displayed on the left hand side of  
Figure 7.6 and the corresponding patterns obtained after 84 days of exposure to BFS:PC eq. water 
are on the right hand side. The results obtained show that, after leaching, calcite (CaCO3; PDF 
00-001-0837) and hydrotalcite (Mg6Al2CO3(OH)6.4(H2O); PDF 00-014- 0191) are present on the 
surface of MW25 glass grains. The presence of hydrotalcite requires the leaching of Mg and Al 
from the glass, in addition to the presence of carbonate. It is unlikely that, due to the high pH of 
the blank solutions, the source of the carbonate was atmospheric CO2. X-ray diffraction of the 
initial cement material (Chapter 3, Section 3.1.4)) confirms the presence of carbonate in the form 
of calcite, which has subsequently leached into the equilibration solution and supported formation 
of the layered double hydroxide (LDH) phase, hydrotalcite. A similar Mg- and Al-containing 
LDH phase was reported by Backhouse in his investigation of MW25 glass dissolution in a 
saturated Ca(OH)2 solution, however due to the imposed preclusion of carbonate through their 
experimental methods, the hydroxide end-member of the same phase, meixnerite 
(Mg6Al2(OH)18∙4.5H2O), was observed. 
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For LBS and ISG, the only identifiable feature observed in the diffraction pattern of samples after 
dissolution was an area of diffuse scattering at approximately ~29.4 o 2θ. This is indicative of the 
presence of poorly crystalline C-S-H (CaOSiO2H2O; PDF 00-033-0306). The absence of 
hydrotalcite in the diffraction pattern for LBS is intriguing, since this glass also contains a 
relatively high proportion of Mg (5.89 mol% in LBS compared with 6.02 mol% in MW25), 
however the detection limit of the XRD may not be sufficient to reveal the complete alteration 
layer mineral assemblage. 
Figure 7.6 Diffraction patterns of MW25, LBS and ISG glass grains before (LHS) and after 84 days of 




The measured alteration layer thicknesses are shown in Figure 7.7 and Table 7.3. The ISG 
exhibited the greatest alteration layer thickness, at 5.31 ± 0.16 μm, based on the average thickness 
taken from > 40 line measurements on a minimum of 5 grains. The average thickness of the 
alteration layers on MW25 was 4.63 ± 0.46 μm and on LBS was slightly lower, at 3.96 ± 0.06 
μm. The measured thicknesses are considerably greater than those predicted using the boron 
equivalent thickness method (which uses the NLB in the initial rate to predict the equivalent 
thickness of the alteration layer assuming congruent dissolution of all elements, Table 7.3); this 
clearly shows that species from the solution, rather than the glass influenced the alteration layer 
formation. 
Figure 7.7 Altered layer thickness, measured using SEM line measurements and calculated using the initial 
dissolution rate (error calculated based on the standard deviation of all measurements ~300 measurements for 
each glass)  
 
 
Table 7.3 Total altered layer thickness;  measured by image processing electron micrographs, calculated using 





Alteration Layer Thickness, μm after 84 d in BFS:PC equilibrated water 
  Measured, µm Calculated (R0), µm Equivalent B thickness, µm 
ISG 5.31 ± 0.61 0.06 ± 0.00 0.24 ± 0.005  
LBS 3.96 ± 0.06 0.16 ± 0.01 0.36 ± 0.01 




Powders of each glass, subjected to BFS:PC eq. water for 84 days were analysed by SEM/EDX.  
Alteration products were visible on all glasses, however, the morphology was not consistent 
between the three glass compositions, as shown in Figure 7.8.  
On the MW25 glass samples, bright flecks within the bulk of the glass (Figure 7.8) indicated the 
existence of Ru, present as RuO2 crystalline impurity in the glass (see also Figure 7.9). The edge 
of the grain shown in Figure 7.9 is broken, however a thin alteration layer surrounded the entire 
grain. The layer surrounding the LBS grain (see Figure 7.10), consisted of a thin gel-like layer 
surrounded by a brighter layer that did not follow the outline of the glass grain. On the outside of 
this, several precipitates were observed. Very few of the ISG grains appeared to have smooth 
surfaces; this is to be expected when glass is crushed and no actions are made to reduce the stress 
on the glass, however it was unusual to see such a large proportion of grains to be damaged in 
this way. The small fractures at the surface of the ISG glass (as seen in Figure 7.8) have inevitably 
increased the surface area, which may contribute to the more rapid dissolution of this glass as 
compared to MW and LBS. The presence of a gel layer was more difficult to identify on the ISG 
sample (Figure 7.11) at the resolution employed, but “whispy” alteration products were apparent 
on the surface of the glass that were surrounded by an outer rim.  
Figure 7.8 Backscattered SEM images of MW25, LBS and ISG glass grains exposed to BFS:PC eq. water for 84 





i. MW25 exposed to BFS:PC equilibrated water  
MW25 exposed to BFS:PC equilibrated solution for 84 days showed the presence of three distinct 
alteration layers (see Figure 7.9.a). The elemental information collected using EDS is shown in 
Table 7.4 and Figure 7.9.b & c. Layer 1 appeared to have a composition similar to the bulk glass, 
owing to its slightly lower content of soluble glass elements (Si, Fe, Al and Na) with respect to 
the bulk glass this region could be hydrated glass, however, enrichment of Ca (twice as much Ca 
when compared to the bulk glass) indicates this is more likely to be a Ca-rich gel phase. Layer 2 
was found to be composed of Ca and Si with Ca:Si ratio of 1.1. Finally, an outer rim, labelled in 
Figure 7.9a, was also found to contain Ca and Si only, but with a slightly lower Ca:Si ratio than 
Layer 2, of 0.9.  
The atomic percent of Ca present in layer 2 was 36 at % compared to the bulk glass with a value 
of 7 at %, indicating that Ca was removed from the solution to facilitate the formation of alteration 
products on the surface of the glass (Ca removal from solution can be seen in Figure 7.5). 
 
Table 7.4 SEM F50 EDS spot maps associated with Figure 7.9, average elemental composition of each alteration 





























Figure 7.9 SEM analysis on MW25 post exposure to BFS:PC-eq solution for 84 days;  a) BSE image, labels 










ii. LBS exposed to BFS:PC equilibrated water  
The alteration layers surrounding the LBS grains in Figure 7.10 were not uniform around the 
grains; gel, precipitates and nodules were observed in different areas around the grains.  Elemental 
analysis by EDS (Figure 7.10 b & c) show that there is little compositional difference between 
the bulk glass and Layer 1, suggesting that this layer is likely a broken surface of the pristine 
glass. However, Layer 2 had a darker Z contrast in the BSE image, confirming a differing 
composition from the bulk glass. EDS analysis indicated a reduction in the quantity of Al, Na and 
Mg (Table 7.5) compared to the bulk, and an increase in the amount of Ca, signalling that Ca was 
removed from solution and utilised in the formation of a Ca-rich silica gel with a Ca:Si ratio of 
0.34. The rim encasing the majority of the alteration products exhibited brighter Z contrast 
compared to the gel (Layer 2) and was composed of nodules clumped together in a chain-like 
formation. Compositionally, the rim had a greater amount of Mg compared to the gel layer (2) 
and the bulk glass but was relatively depleted in all other elements compared to Layer 2. The 
outer precipitate (Layer 3) had a wispy appearance and exhibited a greater Ca:Si ratio, of 0.71, 
confirming the presence of a Ca-silica precipitate, given the wispy nature it is likely to be C-S-H.   
Table 7.5 SEM F50 EDS spot maps associated with Figure 7.10, average elemental composition of each alteration 














Figure 7.10 SEM analysis of LBS exposed to BFS:PC eq. water for 84 days; a) BSE image, labels indicate 






iii. ISG exposed to BFS:PC equilibrated water  
ISG exposed to BFS:PC eq. water demonstrated three distinct regions (see Figure 7.10). Layer 1, 
in direct contact with the pristine glass, was found to contain Na, Al, Si, K, Ca and Zr, all in 
similar at % as that found in the bulk glass. Layer 2 had a fibrous morphology with needle-like 
precipitates that appeared to have originated close to the pristine glass and grown outwards. This 
layer exhibited a reduction in the amount of Na, Al and Si present compared to the bulk glass, 
with an enrichment of Ca (from 6 at % in the bulk to 28 at % Table 7.6) sourced from the BFS:PC 
eq. water and also contained traces of Fe and K. Sodium, which is highly soluble under the high 
pH environment of this solution, was depleted in Layer 2 compared to the pristine glass, and the 
Ca:Si ratio of this layer was 0.54. On the outside of this layer (i.e. in direct contact with the 
solution during dissolution) was a smooth-edged outer rim without the presence of nodules (as 
observed on LBS, Figure 7.10), which was composed of Na, Mg, Al, Si, K, Ca, Fe. The dominant 
elements in this region were Ca and Si and the layer had a Ca:Si ratio of 0.8. 
Table 7.6 SEM F50 EDS spot maps associated with Figure 7.11, average elemental composition of each alteration 














Figure 7.11 SEM analysis from ISG exposed to BFS:PC eq. water for 84 days; a) BSE image, labels indicate 








7.2.5. Normalised Mass Loss of MW25, LBS & ISG in NRVB-equilibrated 
water 
The normalised mass loss of elements from each of the glass compositions leached in NRVB-eq. 
water is shown in  Figure 7.12. Generally, there was a greater accumulation of elements in solution 
released from LBS compared to MW25, as the experiment progressed. The initial rates 
(Section 7.2.2, Table 7.2) for MW25, LBS and ISG were (1.17 ± 0.09) x10-2 g m-2, 
(1.42 ± 0.30) x 10-2 g m-2 d-1 and (2.21 ± 0.38) x 10-2 g m-2 d-1, respectively.  
Boron was continually leached from all glass compositions; ISG exhibited the greatest release 
with a maximum NLB of (74.28 ± 1.34) x10-2 g m-2 obtained after 112 d. The LBS glass showed 
an “induction period” where the NLB was at a steady low level for the first 7 days, after which 
time it increased to (66.88 ± 8.67) x10-2 g m-2 after 84 d.  MW25 had the lowest NLB of all three 
glass compositions, with a maximum NLB value of (52.14 ± 3.93) x10-2 g m-2 after 112 d. The 
normalised mass loss of Li from MW25 and LBS (no Li in ISG) followed the same trend as NLB; 
for LBS, a maximum NLLi of (707.7 ± 4.39) x10-2 g m-2 was observed after 112 d, and MW25 
exhibited a maximum NLLi of (350.3 ± 9.52) x10-2 g m-2 after 112 d. 
The MW25 glass composition had the lowest NLSi values, which remained close to zero 
throughout the experiment; the maximum value measured was (0.47 ± 0.18) x10-2 g m-2 on day 
21. The NLSi of the LBS glass composition was twice that of MW25, with a maximum value of 
(0.78 ± 0.90) x10-2 g m-2  after 28 d, and the ISG exhibited the greatest NLSi, with a maximum of 
(2.52 ± 0.19) x10-2 g m-2 after 35 d.  
A definitive trend for NLAl was not elucidated since most solution measurements were below the 
detection limit of the instrument (as evidenced by the large error bars in  Figure 7.12). The NLMg 
data were likewise below the detection limit for the first 42 days. After that time, the NLMg 
averaged at (25 ± 4) x10-2 g m-2 for MW25 and (55 ± 4) x10-2 g m-2 for LBS glass between 42 -
112 d. 
The normalised mass loss of Na, however, did not follow that of boron. The release of Na 
gradually increased until 35 d for all glass compositions, after which time the values decreased to 
zero. SEM EDS showed that Na was depleted in the alteration layers compared to the bulk glass 
for all three glass compositions, confirming that Na was not incorporated into the alteration layer. 
This anomalous result for all glass compositions, which is in direct contradiction to the surface 
analysis is likely to be an ICP-OES analysis issue.   
201 
 
 Figure 7.12 Normalised mass loss of elements from MW25, LBS and ISG exposed to NRVB eq. water 
 
Figure 7.13 shows the concentration of Ca and K from NRVB eq. water over the duration of the 
experiment. The concentration of Ca in the blank solutions was between 800 to 900 mg L-1 and, 
in the presence of glass powder, the concentration of Ca diminished. This correlates with the 
formation of a Ca-silica gel surrounding the glass grains (Section 7.2.6). Calcium was removed 
from solution most rapidly for ISG and the other glasses showed the same trend in Ca removal 
from solution as for BFS:PC-eq. water: ISG > LBS > MW25. The concentration of K in solution 





Figure 7.13 Concentration of Ca and K in NRVB eq. water over the duration of the experiment 
 
 
7.2.6. Alteration Layer Formation in NRVB equilibrated water for  
   MW25, LBS & ISG 
X-ray diffraction patterns for the three unreacted glass compositions are displayed on the left hand 
side of Figure 7.14, and the corresponding patterns obtained after 84 days of exposure to NRVB 
eq. water are on the right hand side. Small peaks were identified in the MW25 glass sample post-
dissolution that were supressed by the background diffraction pattern. In addition to the clearly 
identifiable RuO2 peaks, hydrotalcite (Mg6Al2CO3(OH)6.4(H2O); PDF 00-014- 0191) and calcite 
(CaCO3; PDF 00-001-0837) peaks have been identified. The Mg and Al used to form hydrotalcite 
comes from glasses (because there should be very little Mg and Al leaching from hardened PC, 
0.08 mg L-1of Al was measured in the blank NRVB solution), MW25 and LBS. It is unlikely that, 
due to the high pH of the blank solutions, the source of the carbonate was atmospheric CO2, and 
since X-ray diffraction of the initial NRVB material (Chapter 3, Section 3.1.4)) confirms the 
presence of carbonate in the form of calcite, monocarboaluminate (3CaO·Al2O3·CaCO3·xH2O) 
and hemicarboaluminate (Ca8Al4CO16:xH2O), it can be concluded that carbonate leached into the 
cement equilibrated solution and supported formation of the layered double hydroxide (LDH) 
phase, hydrotalcite.  
The broad peaks at 29.35 o 2θ and 50.07 o 2θ are attributed to the presence of poorly crystalline 





Figure 7.14 Diffraction patterns of MW25, LBS and ISG glass powders before dissolution (LHS) and after 84 






The measured alteration layer thicknesses are shown in Figure 7.15 and Table 7.7. More than 
40 line measurements were made on SEM images of glass grains (a minimum of 5 grains) using 
image J. Additionally, the thickness was calculated using the initial rate based on the NLB 
(Section 3.4). There is a significant difference between the measured and calculated values, it is 
likely that the measured values over estimate the total thickness because a small proportion of 
grains are selected for analysis, and is evidence that elements from the solution have been 
incorporated in the formation of gel and precipitate phases as observed in the SEM EDS 
measurements for each glass (see Figure 7.17). Of the alteration layers formed after 84 days in 
NRVB eq. water, ISG exhibited a measured average thickness of 4.31 ± 0.56 µm, LBS grains had 
layers that were on average 1 µm thinner than those on ISG (3.24 ± 0.64 µm) and MW25 
displayed the thinnest alteration layers averaging a total thickness of 2.13 ± 0.35 µm. 
Figure 7.15 Altered layer thickness, measured using SEM line measurements and calculated using the initial 




Table 7.7 Total altered layer thickness;  measured by image processing electron micrographs, calculated using 
the initial dissolution rate, and calculated using equivalent boron thickness 
NRVB Thickness ,μm after 84 d in NRVB eq. water  
  Measured, µm Calculated (R0), µm Equivalent B thickness, µm 
ISG 4.31 ± 0.56 0.84 ± 0.04 0.403 ± 0.05 
LBS 3.24 ± 0.64 0.54 ± 0.01 0.698 ± 0.02 
MW25 2.13 ± 0.35 0.45 ± 0.02 0.00003 ± 0.00 
205 
 
Powders of each glass, subjected to NRVB eq. water for 84 d were examined by SEM/EDX. 
Alteration products present on each of the three glasses were distinct, as shown in Figure 7.16. 
An alteration layer can be seen surrounding each glass grain (Figure 7.16). On the MW25 glass, 
the layer was always in direct contact with the pristine glass and the thickness did not vary 
significantly across the outside of the grains. The layers surrounding the LBS grain were not as 
uniform in thickness and a more complex variety of altered layers were observed, including a gel 
layer close to the pristine glass, nodules, and randomly distributed crystal growth and, finally, a 
reaction rim on the outermost surface. ISG exhibited alteration products that were perpendicular 
to the gel and reaction rim (‘ladder rungs’) discussed in Section 7.2.6 iii.  
Figure 7.16 Backscattered SEM micrographs of a glass exposed to NRVB eq. water for 84 days, far left = MW25 








i. MW25 exposed to NRVB equilibrated water  
The MW25 glass grains exposed to NRVB eq. water for 84 days show the existance of two distinct 
alteration layers (see Figure 7.17a). Layer 1 appeared to have a composition similar to the bulk 
glass. Owing to its slightly lower content of soluble glass elements (Si, Fe, Al and Na) with respect 
to the bulk glass, this region could be hydrated glass however, enrichment of Ca (more than twice 
as much Ca compared to the bulk glass (Table 7.8)) indicates this is more likely to be a Ca-rich 
gel-like phase. The backscattered electron micrograph shows that Layer 2 is a Ca-Si precipitate 
comprised of two morphologically distinct phases: the brighter region is formed of clustered 
needles that reside close to the hydrated glass and are composed of Ca and Si with a Ca:Si ratio 
of 1.16, with trace amounts of Na, Mg, Al and Fe. The darker phase within Layer 2 had a simlar 
composition to the needles, however, contained considerably less Mg; a reduction from 5 at % in 
the needles to 0.3 at % in the dark region (Table 7.8). A decrease in the Ca:Si ratio to 0.92 was 
also observed in the darker region. Backhouse70 observed alteration products with an acicular 
(needle like) morphology on the surface of MW25 glass exposed to Ca(OH)2, and attributed them 
to clusters of C-S-H based on EDS analysis. C-S-H is a complex phase with a vast range of 
compositions, the Ca:Si ratios of Layer 2 fall within the given range of 0.5 to 2.5 according to 
Grandia et al. 128. C-S-H is often an x-ray amorphous phase owing to its nanocrystalline nature, 
thus its presence was not confirmed in the XRD conducted on the MW25 glass grains. Analysis 
of the XRD data could also have been hampered by the presence of intense RuO2 peaks and the 
diffuse scattering of the bulk glass. 
Table 7.8 SEM F50 EDS spot maps associated with Figure 7.17, average elemental composition of each alteration 






























Figure 7.17 SEM analysis from MW25 exposed to NRVB eq. water for 84 days; a) BSE image, labels indicate 








ii. LBS exposed to NRVB equilibrated water  
The alteration layers surrounding LBS glass grains in Figure 7.18 demonstrate the complexity of 
layer formation on this glass composition; three distinct layers have been identified. A region of 
broken glass was identified at the edge of the particle (Spot 14, Figure 7.18a) and a gel layer 
(Layer 1) was observed to form on top of this region. Layer 1 exhibited a reduction in the at % of 
Na compared to the bulk glass (Table 7.9), but an enrichment in Ca (from 0.95 at % in the bulk 
glass to 11.8 at % in Layer 1), indicating that Ca removed from solution aided the formation of a 
Ca-rich silica gel. Layer 2 comprised Ca-rich nodules (~ 25.9 at% Ca) with traces of Na, Mg, Al, 
Si, S, K and Fe, with a Ca:Si ratio of 0.62. This was the only layer observed to contain S.  
Located sparsely, and unevenly distributed on top of the nodules, were radiating crystals 
composed of Ca and Si with a Ca:Si ratio of 0.72. The outer reaction rim (Layer 3) traced all of 
the irregular shapes that were formed on the surface of the glass sample as a result of the radiating 
crystals, and was composed mainly of Ca and Si (Ca:Si ratio of 0.75), with traces of Na, Mg, Al, 
K and Fe.  
Table 7.9 SEM F50 EDS spot maps associated with Figure 7.18, average elemental composition of each alteration 







Figure 7.18 SEM analysis from LBS exposed to NRVB eq. water for 84 days; a) BSE image, labels indicate 








iii. ISG exposed to NRVB equilibrated water  
The alteration products surrounding grains of ISG after exposure to NRVB eq. water for 84 d are 
shown in Figure 7.19. These had a distinctly different morphology to those observed for MW25 
or LBS (see above). The alteration products surrounding many of the other ISG grains were not 
quite as pronounced as shown in Figure 7.17, but the morphology was the same; loosely packed 
needle-like material was found to reside between the glass and outer reaction rim. The electron 
micrograph reveals three alteration layers on the surface of the ISG glass, the first (Layer 1) is a 
region of  Si-gel containing Ca, which was depleted in Na, with minor depletion of Al, Si and Fe 
compared to the bulk glass ( Table 7.10). This layer exhibited a significant increase in the at % of 
Ca compared to the bulk glass (+12.7 at%) and had trace amounts of Mg. Magnesium is not 
present in ISG glass however a small quantity of Mg is present in hardened NRVB cement paste, 
thus it must have been incorporated into the layer from the solution.   
Layer 2 was composed of products that were orientated perpendicular to, and in between, the 
glass and the reaction rim. It is not possible to ascertain from the images acquired here whether 
the phases originated at the bulk glass and branched out, or if they were formed from the reaction-
rim inwards. It may be possible that the products filled the entire space between the rim and the 
glass, and that subsequent drying during imaging (i.e. vacuum desiccation) occurred. The ‘ladder 
rungs’ were composed mainly of Ca and Si with a ratio of 0.65, and contained a lower amount of 
Na, Al, K than the gel, with slightly more Mg and S (1.44 at %).  
The reaction rim was observed to encase the alteration products that had grown on the surface of 
the glass. It also traced the outer perimeter of the glass grain. It was composed of Na, Al, K and 
Fe in addition to significant amounts of Ca and Si, with a Ca:Si ratio of 0.79. The Ca concentration 
was observed to increase from the inner to the outer alteration layers, from 7 at % in the glass to 
19.7 at % in the gel, 33.8 at % in the ladder rungs and 40.4 at % in the reaction rim. 
 Table 7.10 SEM F50 EDS spot maps associated with Figure 7.19, average elemental composition of each 






Figure 7.19 SEM analysis from ISG exposed to NRVB eq. water for 84 days; a) BSE image, labels indicate 







7.2.7. Geochemical Modelling of BFS:PC and NRVB equilibrated cement 
water systems  
The geochemical modelling package PHREEQC was used to provide an indication of the 
saturation index of mineral phases that are likely to precipitate in the cement-equilibrated water 
systems investigated here, using the Hatches thermodynamic database developed by Wood Plc. 
(formally known as AMEC Foster Wheeler) for the NDA. These calculations should be 
considered as a qualitative indication of alteration layer mineral phase solubility, since the data 
available in the database are for studies at 25 oC, and not at the temperature of the experiments 
performed in this study (50 °C). 
The experimental parameters input to the model included solution concentration data (corrected 
for dilution and the internal gold standard used in the ICP-OES analysis) for the static powder 
dissolution tests, the temperature set to 50 oC and the pH values were the measured values at a 
given time point. 
The major limitation of geochemical modelling for high pH systems are the availability of 
thermodynamic data at highly alkaline values; the rationale for obtaining such data is only 
relevant to a small selection of disposal facility concepts and for those researchers interested in 
the evolution of cement materials, thus there has been little effort to extend thermodynamic 
databases to high pH. Utilising the available data and, where necessary extrapolating lower pH 
value data (e.g. pH 9 – 10), the solubility of the mineral phases present in the experiments studied 
in this Chapter are given in Table 7.11. Phases that were under-saturated (i.e., not 
thermodynamically favourable to precipitate as alteration layer phases) included: calcium borate 
((CaO)2B2O3), calcite (CaCO3), gypsum CaSO4:2H2O, Na-P zeolite (Na2Al2Si2.6O124H6.4), 
phillipsite-Ca/K/Na (XxAl2Si5O145H2O) and Fe-Mg-smectite Ca0.025Na0.1K0.22+Fe0.53+Fe0.2-
Mg1.15Al1.25Si3.5H2O12). Calcite was identified in the XRD (Figure 7.6 and 7.14), however the 
thermodynamic model did not predict it to be saturated because the input data was taken from the 
blank ICP-OES results which do not include carbonate concentrations. Retrospectively the 
carbonate content was calculated using TGA-MS of the hardened cement pastes (giving values of 
6.4 wt% CaCO3 in NRVB and 2.5 wt% in BFS:PC). Solution concentrations were estimated from 
these values, by calculating the dissolution of calcite in pure water using PHREEQC, the results 
indicate that 0.88 mg L-1 (0.012 moles) of CaCO3 dissolved in both NRVB and BFS:PC eq. water., 
(as little as x10-4 mmol L-1 of CO32- is required to precipitate mono- and hemi- 
carboaluminate189,190). Considering the above carbonate concentration in the equilibrated cement 
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waters, calcite would be in equilibrium (NRVB- and BFS:PC-eq. water systems saturation indices 
of 0.62 and 0.57 respectively). 
 
Table 7.11 Mineral phases identified by Phreeqc to be saturated in solution for both NRVB and BFS:PC eq. 
solutions, results are from Hatches database. 
Phases Identified from Hatches Database 
Portlandite  Ca(OH)2 
C-S-H (1.1)  Ca1.1SiO7H7.8 
C-S-H (1.8)  Ca1.8SiO9H10.4 
Ettringite Ca6Al12(SO4)3(OH)2  26H2O 
Gibbsite Al(OH)3 
Hydrotalcite-OH  Mg4Al2(OH)17H2O 
Brucite  Mg(OH)2 
Monosulfoaluminate Ca4Al2(SO4)O18H24 
Quartz SiO2 
Saponite (Ca, K, Mg, Na) X Mg3Al0.33Si3.67O10(OH)2 
Sepiolite Mg2Si3O7.5 OH  3H2O 
Talc Mg3Si4O10(OH)2 
Tobermorite (14A, 11A, 9 A) Ca5Si6H21O27.5 
Goethite FeOOH 
*The saturation indices for Saponite Ca, K, Mg and Na were all 
very similar or identical the same was true for Tobermorite  





i. BFS:PC equilibrated water 
Blank concentration data was collected at each time point from duplicate PCT vessels exposed to 
the same conditions as vessels containing glass powder. As such there are small variations in 
elemental concentration throughout. PHREEQC analysis (Figure 7.20) indicated that hydrotalcite, 
ettringite, portlandite, brucite and goethite were saturated in the blank solutions throughout the 
experiment as shown in Figure 7.20. 
The geochemical modelling data for MW25 (Figure 7.20) indicated that, in addition to the phases 
saturated in the blank, tobermorite was predicted to be supersaturated, but only on days 28, 84 
and 112; the remaining time points exhibited under saturation. Monosulfoaluminate and C-S-H 
were predicted to be in equilibrium until day 84 and 112, respectively, when these phases became 
saturated in solution. 
For the LBS glass composition, the saturated phases that could not be attributed to the BFS:PC 
equilibrated solution (i.e. the blank) were saponite (a Mg-bearing clay), talc (a Mg-bearing LDH) 
and tobermorite. Portlandite was predicted to gradually move from saturated towards equilibrium; 
this correlates with removal from solution to form a Ca-silica gel and a C-S-H precipitate, as 
identified by SEM EDS (Figure 7.10). C-S-H was predicted to be in equilibrium until day 84 
when it became saturated. The rim of nodules observed in SEM contain significant quantities of 
Na, Mg, Al, Si and Ca however the ratios of these elements do not match any of the minerals 
suggested by PHREEQC. 
For ISG, saturated phases that were not predicted to form in the blank solution included 
tobermorite, talc and saponite. The Mg required for these Mg-bearing phases must have originated 
from the BFS:PC-eq. water, although it should be noted that no Mg-bearing phases were identified 
in SEM EDS measurements. As for LBS, the solutions were initially saturated with respect to 
portlandite, but as Ca was removed from solution, Portlandite moved towards equilibrium and 
quickly became under saturated by day 56. C-S-H remained at equilibrium throughout.  
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Figure 7.20 Geochemical modelling results for BFS:PC eq. water solution chemistry. Graphs depict phases that 
are saturated in solution (values > 1), in equilibrium (values between 0-1) and under saturated (values < 0). 
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ii. NRVB equilibrated water  
The geochemical modelling data for the blank NRVB eq. water (Figure 7.21) indicated that 
goethite, portlandite, C-S-H (1.8) and tobermorite were saturated and C-S-H (1.1) remained in 
equilibrium. The Mg-containing phases hydrotalcite, brucite, saponite, talc were calculated to be 
saturated from day 42 onwards, the ICP samples analysed for the first 35 days were close to the 
detection limits of the ICP, this impacted the Mg, Li and Na data.  
The addition of MW25 glass to the NRVB eq. water lead to saturation of two additional phases 
to those observed in solution compared to the blank: ettringite was predicted to be saturated in 
solution from day 21-112 (Figure 7.21), and the Mg-silicate phase, sepiolite, from day 42-112. 
XRD (Figure 7.14) of the corroded glass sample on day 84 identified calcite and hydrotalcite as 
crystalline phases on the surface of the glass; geochemical modelling predicted hydrotalcite to be 
saturated in solution from day 42 onwards. Calcite was under saturated throughout (in contrast to 
observations from XRD), however portlandite was predicted to be saturated in solution for the 
duration of the experiment and C-S-H was calculated to be at equilibrium, SEM analysis identified 
a Ca-silica gel in addition to a C-S-H phase that contained traces of Na, Mg, Al and Fe, and was 
packed with Ca-Si needles.  
Geochemical modelling of LBS glass dissolution also predicted the saturation of solution with 
respect to ettringite, from day 21 -112 (Figure 7.21). Tobermorite saturation indices dropped after 
day 35, suggesting that Si may be used for the formation of alternative phases, for example, 
sepiolite which became saturated on day 42. Monosulfoaluminate was predicted to be saturated 
in solution under these experimental conditions. SEM images identified S and Al in the Ca-rich 
nodules that formed around the glass grains, suggesting that these may comprise 
monosulfoaluminate, however since they were also found to contain Mg, Na, Si, K and Fe (which 
are not required in monosulfoaluminate formation) this SEM phase remains unidentified. The 
XRD data (Figure 7.14) highlight the presence of hydrotalcite and C-S-H on the surface of the 
glass sample; this is also predicted by the geochemical modelling, which calculated the mineral 
hydrotalcite to be saturated throughout the experiment, and C-S-H to be in equilibrium. As little 
as 40 mg L-1 is required to cause precipitation of portlandite191,192; the concentration of Ca in 
solution was measured as 100 mg L-1 on day 112, and the geochemical model confirmed 
portlandite saturation throughout the experiment.  
In the presence of ISG, tobermorite saturation indices fell from saturated to undersaturated, which 
could facilitate the precipitation of sepiolite, predicted to be saturated from day 42 onwards. The 
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Ca containing phases portlandite, C-S-H and ettringite were close to equilibrium from day 28 to 
42, after which time they were calculated to be undersaturated. C-S-H was identified in the XRD 
and the SEM EDS gives evidence for Ca-silica gel and a precipitate that was termed “ladder 
rungs”. This precipitate had an enrichment of Mg and Si (supported by the geochemical modelling 
prediction of saturation of Mg-bearing phases) and also S. The presence of S seems difficult to 
attribute since, according to the geochemical modelling, both ettringite and monosulfoaluminate 
were undersaturated in solution. Since ISG does not contain any Mg, the source of Mg must be 
from the NRVB solution. The Ca-Si rim contained traces of Na, Al, K and Fe, geochemical 
modelling does not provide any clarity as to what this phase may be.  
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Figure 7.21 Geochemical modelling results for NRVB eq.water solution chemistry. Graphs depict phases that are 





The aim of this study was to compare the influence two different types of cement on glass 
dissolution mechanisms and kinetic. The cements selected where NRVB and BFS:PC both of 
which are likely to be implemented in a geological disposal facility. This was achieved by 
conducting static leaching at 50 oC on two UK relevant glasses for HLW (MW25) and ILW (LBS) 
in addition to an internationally studied material (ISG). The kinetics and mechanisms of glass 
dissolution in BFS:PC- and NRVB-eq. water was investigated. 
7.3.1. Effect of cement leachate composition on dissolution of International Simple 
Glass (ISG) 
ISG is used by many nations studying the behaviour of borosilicate glasses in disposal 
environments. The current study is a significant contribution to the international scientific 
collaboration, as this is the first glass dissolution experiment utilising real cement-equilibrated 
solutions, and will aid understanding of how dissolution mechanisms and kinetics change in 
complex leachate solutions. 
The compositions of the two solutions were noticeably different: NRVB is a simplistic cement 
paste composed of Portland cement, Ca(OH)2 ,CaCO3 and water. The dissolution of NRVB 
formed a solution rich in Ca with a minor amount of K and Si from dissolution of the clinker 
phases. Notable is the absence of any Na (Portland cement does not contain Na193) and the 
presence of a significant quantity of Mg. Portland cement contains 2 % MgO, therefore it is 
somewhat surprising that the Mg concentrations were so high (up to 200 mg L-1), especially since 
solutions with a pH > 10 tend to precipitate as Mg brucite. The reason for such elevated 
concentrations of Mg in the blank is unknown (a pure CaCO3 reagent was used in this study), 
however its effects were observed through the precipitation of Mg-bearing phases, particularly on 
the surface of ISG, which does not contain any Mg. Further work is required to confirm this 
unexpected presence of Mg, however it should be noted that NRVB will be prepared using 
limestone flour7 (as will be the case for the disposal facility) which contains a significant 
proportion of Mg. Although the solution concentration of carbonate was not measured, it can be 
assumed that if there is approximately 6.4 wt % CaCO3 in NRVB cement paste, then 46 mg L-1 is 
present in solution. This is expected to influence the mineral phases formed significantly, as 
described further below. 
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In contrast, the BFS:PC material comprises one part Portland cement to three parts of blast furnace 
slag from the industrial processing of iron ore. It thus contains a wider range of elements including 
S, which readily leached to solution when the cement underwent equilibration with deaerated 
water (Table 7.12). The solution concentrations of Na and K were significantly higher in this 
solution than in the NRVB, due to the presence of three parts slag, and owing to the absence of 
lime and limestone flour used in NRVB, the Ca concentration was considerably lower 
(Table 7.12). 
Table 7.12 Composition of NRVB and BFS:PC eq. water, mg L-1, measured by ICP-OES. The values listed below 
are the average of all the blank samples throughout the 112 day experiment, errors are the standard 




Element Concentration, mg L-1 
 NRVB BFS:PC 
 pH(RT) 12.65 ± 0.2 pH(RT) 12.53 ± 0.2 
Ca 766 ± 59 487 ± 28 
Na 13 ± 10 43 ± 6 
K 36 ± 5 74 ± 7 
Al 0.08 ± 0.2 1.96 ± 0.7 
Si 1.79 ± 1.4 0.34 ± 1.4 
*Mg 16 ± 9. * 0.30 ± 0.2 
Fe 1.57 ± 0.7 1.67 ± 1.4 
S 10 ± 7 13.5 ± 1.5 
*CaCO3 0.88  0.88 
*Mg conc = 0 day 1-42, day 56 onwards ~ 20 mg L-1 
*CaCO3 conc= calculated based on the dissolution of calcite in  
the hardened cement pastes using PHREEQC 
It was found that BFS:PC-eq. water was 1.4 times less corrosive towards ISG than NRVB-eq. 
water based on the initial rates, which were measured as (1.61 ± 0.03) x10-2 g m-2 d-1 and 
(2.21 ± 0.38) x10-2 g m-2 d-1, respectively. This trend is also reflected in the residual rates, with 
rates of (0.33 ± 0.05) x10-2 g m-2 d-1 in BFS-eq. water and (2.21 ± 0.03) x10-2 g m-2 d-1 in 
NRVB-eq. water. The average pH(RT) of the blank solutions was similar 12.5 ± 0.2 (BFS:PC eq. 
water) and 12.7 ± 0.2 (NRVB eq. water) (Table 7.12), therefore, this cannot explain the 
differences in behaviour between the two solutions. The addition of crushed ISG to the cement 
equilibrated solutions reduced the pH over the duration of the experiment (pH <12 after 21 d), 
indicating the consumption of hydroxide ions75.  
Mercado-Depierre et al. 23 concluded that in high pH, Ca-rich solutions, Ca has dual effects 
determined by its availability. If the amount of Ca present is limited then a passivating layer can 
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form on the surface of the glass, thus reducing the dissolution rate. This has been observed by a 
number of previous studies including Corkhill et al.61, Utton et al.75, 55, 59  and Maraghechi et al.30. 
However if Ca is freely available, the conversion of portlandite to C-S-H will be unrestricted and 
the glass dissolution rates will remain high23,54 due to the continued dissolution of Si from the 
glass, the initial rate being proportional to Ca concentration in solution above a certain, not fully 
defined threshold54. This threshold has been reported by several authors, for example, 
Corkhill et al.61 and Utton et al.59 observed an incubation period while Ca concentrations 
remained above 200 mg L-1, and once the Ca concentration dropped below this threshold, Si was 
detected in solution61. Similarly, Chave et al.57 showed for the French SON68 glass leached in 
saturated Ca(OH)2 that when the Ca concentration was below 100 mg L-1 Ca was consumed, 
which aided the formation of a passivating layer, reducing alteration rates. As the Ca 
concentration continued to drop below 100 mg L-1 the alteration layer thickness increased57.  
There was a limited supply of Ca in both NRVB and BFS:PC eq. water, but NRVB eq. water 
contains twice as much Ca. Solution analysis found that Ca was readily removed from solution, 
which resulted in the consumption of Si from the glass to facilitate the formation of a C-S-H phase 
precipitate. This phase was apparently not passivating, explaining the accelerated the rate of 
dissolution in NRVB eq. water compared to BFS:PC eq. water. Not all of the Ca in BFS:PC eq. 
water was consumed, suggesting competition for Si by other mineral phases. Indeed,  geochemical 
modelling identified Mg-silicates as phases that are thermodynamically favourable to precipitate 
(both talc and sepiolite were predicted), however, the formation of these phases were not 
identified by SEM/EDS or XRD.  
The morphology of alteration products also provides an indication as to why NRVB eq. water 
continued to dissolve ISG at a higher rate than BFS:PC eq. water. Figure 7.22 shows that, on 
average, the measured thicknesses of the alteration products that formed in both solutions were 
similar (BFS:PC, 5.31± 0.6 μm and NRVB, 4.31 ± 0.56 μm). However, the morphology was 
significantly different; BFS:PC eq. water generated a uniform layer surrounding the grains, and 
NRVB eq. water led to the formation of ladder rungs with a significant fraction of void space. It 
is hypothesised that the ladder rungs are in fact small crystal-like phases, which nucleate from the 
surface of the glass and grow outwards towards the rim (based on alternative micrographs). It is 
possible that when the sample was exposed to the vacuum for SEM analysis some of the 
precipitates collapsed, leaving the unusual morphology, however this was not observed for any 
other samples that were prepared with the same methodology. The presence of these “ladder 
rungs” and their associated void spaces may act to facilitate continued transportation of dissolved 
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elements from the glass, to the solution, hence, increasing dissolution rate. Further analysis is 
required to ascertain the porosity of the alteration layers to confirm this hypothesis. 
Figure 7.22 BSE SEM a) ISG after dissolution for 84 days in BFS:PC eq. water, b) ISG after dissolution for 84 
days in NRVB eq. water.  
 
The rate of ISG dissolution in cement eq. water, as reported in this Chapter, is lower than for 
previous literature dissolution rate measurements made for ISG reacted in Ca(OH)2, KCl, KOH 
and YCWCa (Table 7.13). Fournier et al26 correlated rate resumption with pH, under Na-rich 
conditions, Ribet and Gin52 and Inagaki89 observed greater resumption in the presence of NaOH 
compared to KOH, Liu et al.194 postulate that Na+ plays a “structure-forming” role during 
precipitation of zeolites. In the current study, ISG shows no signs of entering the rate resumption 
regime of dissolution, despite the high pH solutions and the availability of Na and other alkali and 




Table 7.13 Comparison rates for experiments conducted on ISG in high pH solutions  
  Rate g m
-2 d-1 Rx Time Glass Experiment details 
Present Study 0.016 ± 0.0003 R0 1-56 ISG 50oC, pH(RT) 12.53, BFS:PC-eq.water 
 0.001 ± 0.0004 Ra 56-112 ISG 50oC, pH(RT) 12.53, BFS:PC-eq.water 
 0.022 ± 0.0004 R0 1-21 ISG 50oC, pH(RT) 12.65, NRVB:PC-eq.water 
  0.003 ± 0.0001 Ra 21-112 ISG 50oC, pH(RT) 12.65, NRVB-eq.water 
Backhouse70 0.051 ± 0.008 R0 1-3 ISG 50oC, pH(RT) 12.5, Ca(OH)2 sat.soln. 
  0.003 ± 0.001 Ra 3-112 ISG 50oC, pH(RT) 12.5, Ca(OH)2 sat.soln. 
Inagaki38 0.378 ± 0.03 R0 2-5 ISG 50oC, pH 10  KCl 
  1.96 ± 0.03 R0 2-5 ISG 70
oC, pH 10  KCl 
Elia39 0.067 ± 0.02 Fwd ISG 30oC, pH 11.5, KOH 
 0.112 ± 0.04 Fwd ISG 30oC, pH 13.0, KOH 
 0.204 ± 0.1 Fwd ISG 30oC, pH 14.0, KOH 
  0.041 ± 0.03 Fwd ISG 30oC, pH 13.5, YCWCa 
Mann87 0.004 ± 0.01 R 1-721 ISG 30oC, pH(RT) 13.5, YCWCa 
 0.171 ± 0.03 R0 0-56 ISG 70oC, pH(RT) 13.5, YCWCa 
  0.001 ± 0.01 Ra 56-721 ISG   
Fournier26 - Ra  ISG 90oC, pH 11.7, NaOH (2.5x10-1 M) 
 1.43 RRA 1-2 ISG  
 0.005 Ra 6-15 ISG 90oC, pH 11.2, NaOH (7.9x10-1 M) 
 0.85 RRA 15-21 ISG  
 0.004 Ra 6-29 ISG 90oC, pH 10.8, NaOH (2.5x10-2 M) 
  0.33 RRA 29-40 ISG   






7.3.2. Comparison of MW25 and LBS dissolution as a function of cement leachate 
composition 
If co-disposal of HLW and ILW is implemented in the UK, it is possible that HLW (MW25 glass) 
would come into contact with BFS:PC-eq. water from cement used to line the disposal tunnels, 
while ILW (LBS glass) vaults could be backfilled with NRVB. The interactions of these materials 
are discussed herein.  
Table 7.14 compares the dissolution rates of MW25 and LBS glasses reported in this Chapter 
compared with other alkaline solutions. The residual rate for LBS was six times faster than MW25 
in BFS:PC eq. water ((0.41 ± 0.03) x10-2 g m-2 d-1 and (0.06 ± 0.01) x10-2 g m-2 d-1, respectively). 
Utton et al.55 reported the initial rate of LBS dissolution in Ca(OH)2 at 50 oC to be, 0.012 g m-2 d-1 
which is three times greater than the residual rate reported in the current study for BFS:PC-eq. 
water. MW25 dissolved ~ 20 times slower in BFS:PC-eq. water compared to Ca(OH)2, as reported 
by Backhouse70 (Table 7.14). 






Rates, g m-2 d-1 Glass Experimental conditions 
Present study Initial  - LBS 50 oC, pH(RT) 12.7, BFS:PC eq. water 
 Residual 1-112 0.0041 ± 0.0003 LBS  
 Initial 1-42 0.0142 ± 0.003 LBS 50 oC, pH(RT) 12.7, NRVB eq. water 
 Residual 42-112 0.0032 ± 0.0001 LBS  
Utton55 Initial 1-7 0.012 ± 0.001 LBS 50 oC, pH 12.5, Ca(OH)2 sat. soln. 
 Residual 14-42 0.0066 ± 0.0016   
 Resumption 42-112 0.027 ± 0.002   
Present study Initial  1-56 0.0031 ± 0.0001 MW25 50 oC, pH(RT) 12.7, BFS:PC eq. water 
 Residual 56-112 0.0006 ± 0.0001   
 Initial  1-42 0.0117 ± 0.0009 MW25 50 oC, pH(RT) 12.7, NRVB eq. water 
 Residual 42-112 0.0038 ± 0.0002   
Backhouse70  Initial  1-14 0.062 ± 0.009  MW 50 oC, pH(RT) 12.5, Ca(OH)2 sat. soln. 
 Residual 14-112 0.017 ± 0.002   
Cassingham28 Forward n/a 0.106 ± 0.032 MW 40 oC, pH 10 
Abraitis41 Forward n/a 0.139 ± 0.032  40 oC, pH 10 
As for ISG, in NRVB-eq. water the rate of MW25 and LBS glass dissolution was accelerated 
compared to BFS:PC-eq. water; MW25 dissolved four times faster in NRVB-eq. water than 
BFS:PC-eq. water and LBS experienced a 10 fold increase. Possible explanations for the 
magnitude of the difference between the two glasses are discussed later in this Section.  
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The alteration products that formed on the surface of the glasses were different under each test 
condition (Figure 7.22 and 7.23), re-enforcing the argument that solution chemistry has a 
consequential impact on the durability of the glass wasteform.  A gel alteration product on the 
surface of the pristine glass was formed in both solutions (Table 7.15). For MW25 glass, 
crystalline phases identified as hydrotalcite and calcite were formed, in addition to C-S-H (as 
identified by SEM/EDS). The measured alteration thickness of MW25 exposed to NRVB-eq. 
water was twice that of MW25 exposed to BFS:PC-eq. water and the Ca/Si ratio of C-S-H leached 
in NRVB-eq. water was somewhat higher than that of MW25 leached in BFS:PC-eq. water (1.2, 
compared to 1.0, respectively). The high Ca concentration in NRVB-eq. water is reflected by the 
high Ca/Si ratio of the gel layer, which facilitates the continual conversion of portlandite to C-S-H, 
is in agreement with the PHREEQC modelling. Ferrand et al.54 stated that the dissolution rate 
would remain high as long as portlandite was available in solution and could be converted to 
C-S-H. This is observed for both MW25 and LBS glass in NRVB-eq. water. 
In contrast to MW25, the types of phases formed on the surface of LBS glass varied significantly 
in each solution; in BFS:PC-eq. water, C-S-H was identified, however, in NRVB-eq. water, 
hydrotalcite was additionally observed and large crystal structures of C-S-H were present with an 
outer reaction rim. These large, radiating crystal structures formed only on LBS leached in 
NRVB-eq. water (and not BFS:PC-eq. water), appear to have formed according to a series of 
dissolution-re-precipitation reactions, according to the model proposed by Geisler et al.24. During 
polymerisation, condensation of Si(OH) units may generate larger units, through two processes: 
first, enlarging the size of  the spherical particles, second, by increasing the number of particles 
comprising the aggregate195. Figure 7.23 depicts small Si-rich aggregates which are chain-like on 
the outer rim of LBS alteration products in BFS eq. water. Conversely, in the presence of NRVB 
eq. water, these Si-rich aggregates are much larger, hence, a greater porosity is expected compared 
with the smaller (less pore space) chain-like aggregates in BFS:PC eq. water (i.e., the alteration 
layer for BFS:PC eq. water was more protective).  It is hypothesised that, as described above, the 
precipitation of these phases enhances the dissolution rate through the consumption of Si from 
the glass. This may be enhanced by the presence of the outer rim (also seen in BFS:PC-eq. water 
for this glass, see Table 7.15), composed of Ca and Si (with minor Al and Zr), which effectively 
created an enclosed reaction cell, where dissolution-precipitation reactions could take place.  
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Table 7.15 Summary of findings regarding alteration products on the surface of MW25, LBS and ISG in both 
NRVB- and BFS:PC-eq. water after 84 days.  
  Phases (XRD) Morphology (SEM) Thickness, µm Initial rates, gm-2d-1 
BFS:PC 
MW25 hydrotalcite, calcite gel Ca:Si 0.3, precip 1.05, rim 0.99 4.63 ± 0.46 (0.31 ± 0.01) x10-2 
LBS C-S-H Si-gel , nodules 0.7, rim 0.4 3.96 ± 0.06 (0.41 ± 0.03) x10-2 * 
NRVB 
MW25 hydrotalcite, calcite gel Ca:Si 0.3, precip 1.16/ 0.99 2.13 ± 0.35 (1.17 ± 0.09) x10-2 
LBS hydrotalcite, C-S-H gel Ca:Si 0.2 , nodules 0.6, rim 0.8 3.24 ± 0.64 (1.42 ± 0.3) x10-2 
 * Residual rate 
Figure 7.23 Micrographs of glasses exposed to BFS:PC eq. water (TOP) and NRVB eq. water (BOTTOM) for 84 
days for comparison. 
 
MW25 exhibited a lower rate of dissolution compared to LBS in both cement water solutions, 
which is due to variations in the glass compositions. The ratio of network formers to modifiers is 
similar in both glasses; assuming Si, B, Al and Zr are network formers and Mg, Li, Zn, Ca, K and 
Na are modifiers, the ratio for MW25 is 67:29 mol % and for LBS 66:29 mol %. Generally, 
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glasses with a high Si content are more durable than low silica glasses196, however, since MW25 
glass contains 8.8 mol % less Si than LBS, this argument is clearly not sufficient to explain the 
lower dissolution rate of MW25. Nogues et al.197 stated that less durable glasses had a 
(Na+Li)/(B/Al) ratio far from 1.0; the ratio for MW25 was 0.36 and LBS was 1.02. Again, this 
does not seem to provide a satisfactory explanation for the observed difference in dissolution 
rates. Hermansson et al.198 found that the glass composition ‘ABS 118’, with a low Si 
concentration, outperformed glasses containing more Si due to elevated concentrations of Al2O3, 
CaO and ZrO2; Ca has been shown to improve durability197 and addition of Zr in small quantities 
(1-2 wt %)199 also confers enhanced durability. Table 7.16 shows that MW25 contained more Al, 
Ca, and Zr than LBS, which may have acted to improve the durability. It also contains Zn which 
has been shown to supress dissolution (at least in the short term)200,201 and Na, which is known to 
significantly decrease the durability of soda-lime silicate glasses202. These factors can be 




Since its development in 1994, research has been conducted on NRVB as a backfill material for 
a cementitious disposal facility containing cement waste forms, where it is also envisaged that 
vitrified ILW will be disposed. This study considered simulant vitrified wastes being leached by 
water that has contacted hardened cement pastes. The results presented indicate that dissolution 
in NRVB eq. water leads to accelerated rates compared to BFS:PC cement material, due to the 
precipitation of C-S-H phases arising from high concentrations of Ca present in the cement. The 
initial rate obtained for MW25 glass in NRVB-eq. water was a factor of 10 lower than the forward 
rate of the glass calculated in alkaline pH-buffered pure water28, suggesting that the presence of 
NRVB does confer “protective” properties when compared to dissolution in pure water. However, 
due to the relatively short duration of these experiments it is not possible to predict how the glass 
will behave over much longer time scales, especially considering the negative effects of C-S-H 
precipitation on dissolution rate. After 720 days, Backhouse70 reported that MW25 monoliths 
Table 7.16 Comparison of key elements, mol %  that control the durability of nuclear waste glass 
mol % SiO2 Al2O3 CaO ZrO2 ZnO Na2O Other Total 
MW25 43.32 5.30 5.36 0.63 3.43 7.34 34.62 100 




continued to dissolve, with a linearly increasing NLB at a rate that was lower than the forward 
rate, but could not be said to be residual. This “pseudo-Stage III” behaviour, where the continual 
dissolution and re-precipitation of silica-bearing phases promotes dissolution, indefinitely, 
requires further investigation. It is also necessary to ascertain whether true Stage-III behaviour 
(i.e. where the silica gel itself is consumed, leading to a resumption in glass dissolution) can be 
promoted by the precipitation of C-S-H.  
C-S-H phases and hydrotalcite were identified by geochemical modelling and confirmed by XRD 
to have formed on the surface of LBS and MW25 respectively. These two phases demonstrated 
the ability to act in a passivating manner. Layered double hydroxides (LDH) are highly versatile 
and may remove anionic species from solution via two key mechanisms, 1) surface adsorption, 
and 2) interlayer anion-exchange. In addition to anionic species, some metal cations can also be 
removed by adsorption processes and furthermore it is possible for radioactive cations to 
exchange with the M2+and M3+ ions in the structure 203,204. Iodine, Tc and U have been reported to 
successfully incorporate into, or onto, the LDH structure205,206. C-S-H is also excellent at trapping 
elements from solution, as seen in the current study for Al and Zr; it is also possible for 
radionuclides to be immobilised by C-S-H, for example, Tits et al. 207 investigated the sorption of 
U(VI) and Th(IV), and found that they sorb to the silanol groups at the surface.  
Layered double hydroxides and C-S-H phases tend to improve their adsorption ability with 
decreasing pH205, therefore starting with a lower pH cement system that contains silica fume208 
would be desirable and as the cement ages a decrease in the pH would be observed, providing 
favourable conditions for hydrotalcite and C-S-H to act as a radionuclide sieve/trap. If conditions 
in the post closure environment alter i.e. pH and solution chemistry, radionuclides retained in 
these hydrated clays and gels could be mobilised. 
BFS:PC-eq. water exhibits more favourable initial and residual rates compared to NRVB eq. 
water, therefore would be a desired option for plugs and seals. SKB and Posiva are considering 
the use of low pH cements (pH <11, containing PC plus silica fume) to overcome undesirable 
effects of hyperalkaline cement pore fluids on the host rock and engineered barriers (notably 
bentonite)183 but have ruled out BFS:PC as a potential material due to high quantities of sulphide 
that leach and heighten copper canister corrosion208,209. 
This study has highlighted that the utilisation of simplified solutions to mimic the geological 
disposal conditions is not sufficient to understand the behaviour of glass durability. For example, 
BFS:PC- and NRVB-eq. water were found to be less corrosive than simple Ca(OH)2 solutions 
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(Table 7.14); Ca(OH)2 is more corrosive due to the availability of Ca in solution, facilitating 
continual conversion of portlandite to C-S-H. Chapter 4 investigated the impact of synthetic 
cement waters on glass dissolution, again these solutions exhibited higher dissolution rates than 
those reported in the presence of real cement leachates. Further work is required, on a range of 
relevant cement compositions, in equilibrium with relevant groundwater compositions to reduce 




Chapter 8. Concluding Remarks 
The objective of this thesis was to investigate the durability of simulant vitrified wasteforms in 
leachates that were representative of an evolving geological disposal facility containing 
cementitious materials. For this reason, HLW and ILW glasses relevant to the UK disposal 
scenario were used (MW25 and LBS respectively) in addition to the ISG, for comparison with 
other, international, studies of glass dissolution. 
This thesis has shown that the rate of glass dissolution in synthetic cement waters (Chapter 4) 
increased in the order OCW ≈ ECW >YCWCa ≈ YCW; the different rates of dissolution were 
found to be the result of the compositional and morphological differences of the alteration layers, 
which are strongly dependent on alkali/alkaline earth composition of the leachate solution, and 
also the pH. Synthetic cement waters contained varying amounts of alkali/alkaline earth ions and 
the tendency for exchange of hydrated cations with silica indicated that a K-silica gel layer formed 
preferentially over Na- or Ca-silica gel, although only a low concentration of Ca and Mg need to 
be present to form Ca- or Mg- containing silica gels. This highlights the requirement to use mixed 
alkali / alkaline earth solutions to understand glass dissolution in a cementitious disposal facility.  
Chapter 5 brought to light the mechanisms and kinetics affecting ISG dissolution in YCWCa; the 
high pH and leachate composition had a significant influence on the dissolution behaviour. High 
pH (pH(RT) 13.5) caused repulsion among negatively charged silica particles during the 
formation of the alteration gel layer, which in turn adversely influenced the polymerisation of 
silica anions. This resulted in the formation of large interstitial pores between silica gel particles: 
the evidence for this was observed in TEM measurements where the pore radii were twice as big 
as those reported for ISG at near neutral pH.  
Cations (K, Ca, Na) and anions (Zr, Al) were incorporated into the silica gel, indicating that the 
alteration layer was in equilibrium with the solution. Evidence from Chapter 4 suggests that Mg 
may be incorporated by the same mechanism. This is evidence that solution cations are readily 
transported into the open pore network of the gel layer under these high pH cementitious solution 
conditions. The driving force for alkali/alkaline earth cation incorporation into the gel is 
postulated to be charge compensation for anionic species in the silica gel. In agreement with 
Dove139, the presence of these cations seemed to have a detrimental effect on glass alteration: 
because Na and K have a higher frequency of solvent exchange, they have a tendency to increase 
the frequency of silica hydrolysis and thus the rate of dissolution. 
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In the ISG study (Chapter 5) at 30 oC, the glass dissolution mechanism was modelled initially 
with a diffusion term. The consumption of all Al from solution on day 160 resulted in a 
mechanistic change, this required an affinity-type model with the affinity term removed 
(saturation of Si). Two possible explanations were given: 1) Incorporation of alkali/alkaline earth 
cations into the gel (to charge compensate negative species of Si, Al and Zr) gave rise to a 
diffusion controlled dissolution rate until the gel layer became positively charged; at this time 
(160 d) dissolved [AlO4]- species in solution were attracted to the gel layer, but since there was 
no further Ca2+ in solution the less effective charge balancing cations K+ and Na+ provided the 
charge balance. 2) The change in dissolution rate was the result of precipitation of poorly charge-
balanced aluminosilicate species, which, due to their granular nature, gave rise to the presence of 
large voids in the gel allowing for rapid dissolution.  
The effects of an aging cement leachate were investigated in Chapter 6; as the pH decreased with 
an increase in leachate age, the rate of ISG dissolution decreased. However, the same was not true 
for MW25 and LBS glasses when granitic ground water was introduced: the dilute nature of the 
granitic ground water enhanced the dissolution of MW25 and LBS. It was postulated that the 
C-S-H alteration layer that encased the ISG glass, that was developed in the ECW and OCW 
solutions, restricted dissolution of the glass in the groundwater by preferentially dissolving. The 
alteration layers that formed on the surface of the MW25 and LBS glasses during exposure to 
ECW for 28 days did not significantly alter the dissolution behaviour in OCW. The presence of 
hydrotalcite (as identified by XRD, in OCW and GW), a double layered hydroxide, and Fe-rich 
secondary precipitates (LBS SEM EDS data), have the potential to facilitate continued 
dissolution, or to cause the glass dissolution rate to enter Stage III (resumption).  
The effects of ‘real’ cement waters were investigated in Chapter 7. Dissolution of MW25, LBS 
and ISG in NRVB- and BFS:PC-equilibrated water showed that Ca-rich NRVB eq. water led to 
alteration products with a high Ca:Si ratio, facilitating the continued dissolution of the glass 
matrix by removing Si to form C-S-H. There was evidence for dissolution re-precipitation; large 
crystals formed within C-S-H were observed in the outer rim, and spherical Si-aggregates were 
embedded in the alteration products. It was shown that the rate of dissolution was greater in 
NRVB eq. water when compared to BFS:PC eq. water, and that cement eq. water was less 
corrosive than young synthetic cement waters, simple hydroxide solutions and water, as 
summarised in Table 8.1. The same trends were observed in the simplified solutions (Chapter 4) 
and cement equilibrated water (Chapter 7), however the alteration layers formed in cement eq. 
waters exhibited a higher Ca:Si ratio in the gel compared to simplified solutions. Importantly, the 
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lower rates of dissolution observed for glasses in cement eq. water indicate that glass dissolution 
rates have been over estimated in much of the literature that utilised simplified saturated alkali 
leachates (e.g. NaOH, KOH, Ca(OH)2). 
 Table 8.1 Comparison table of glass dissolution rates, in various leachates for MW25 and LBS glass. 
 
Experiment details Ref Rate g m-2 d-1 R0 Time Glass 
Water 
40oC, pH , deionised H2O AMEC132 0.033 ± 0.003 0-56 MW 
40oC, pH 9.8, demineralised H2O Utton75 0.024 ± 0.004 0-21 MW 
90oC, pH ? , deionised H2O Zwicky133 0.15 0-28 MW 
Simplified high pH solutions 
40oC, pH 12-11.7, Ca(OH)2 Utton75 0.029 ± 0.003 0-21 MW 
40oC, pH 12-10.7, 0.03M NaOH Utton75 0.156 ± 0.010 0-21 MW 
50oC, pH 12.5, Ca(OH)2 sat.soln. Backhouse70 0.062 ± 0.0009 0-14 MW 
60oC, pH 9.6, NaHCO3/KOH soln. Abraitis131 0.358 ± 0.39 0-28 MW 
     
30oC, pH 13.0, KOH Elia39 0.112 ± 0.004 Fwd ISG 
50oC, pH 12.5, Ca(OH)2 sat.soln. Backhouse70 0.051 ± 0.008 0-3 ISG 
50oC, pH 10, KCl Inagaki38 0.378 ± 0.03 2-5 ISG 
Synthetic cement waters 
50oC, pH(RT) 13.01, YCWCa soln. Present Study 0.067 ± 0.011 0-28 MW25 
50oC, pH(RT) 13.5, YCW soln. 
 
0.051 ± 0.001 0-32 MW25 
50oC, pH(RT) 12.3 , ECW soln. 
 
0.006 ± 0.0001 0-42 MW25 
50oC, pH(RT) 11.56, OCW soln. 
 
0.007 ± 0.0006 0-112 MW25 
 
    
50oC, pH(RT) 13.01, YCWCa soln. Present Study 0.078 ± 0.007 0-28 LBS 
50oC, pH(RT) 13.5, YCW soln. 
 
0.045 ± 0.003 0-32 LBS 
50oC, pH(RT) 12.3, ECW soln. 
 
0.018 ± 0.001 3-28 LBS 
50oC, pH(RT) 11.56, OCW soln.  0.004 ± 0.0001 0-112 LBS 
     
30oC, pH(RT) 13.01, YCWCa soln. Present Study 0.004 ± 0.0001 0-600 ISG 
70oC, pH(RT) 13.5, YCWCa soln.  0.044 ± 0.01 0-112 ISG 
Cement eq. water 
50 oC, pH 12.7, BFS:PC eq. water Present study 0.0031 ± 0.0001 1-56 MW25 
50 oC, pH 12.7, NRVB eq. water 
 
0.0117 ± 0.0009 1-42 MW25 
 
    
50 oC, pH 12.7, BFS:PC eq. water Present study 0.0041 ± 0.0003 1-112 LBS 
50 oC, pH 12.7, NRVB eq. water  0.0142 ± 0.003 1-42 LBS 
     
50 oC, pH 12.7, BFS:PC eq. water Present study 0.0161 ± 0.0003 1-56 ISG 
50 oC, pH 12.7, NRVB eq. water 
 
0.0221 ± 0.004 1-21 ISG 
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The mechanism for glass dissolution in cement leachates differs slightly from the mechanism 
proposed by Geisler et al.25 proposed mechanism. Cement water will contain significant amounts 
of Ca in addition to Na, K, Mg and Al, and the solution will quickly buffer towards an alkaline 
pH due to the presence of hydroxyl ions in the cement matrix. When glass contacts the alkaline 
cement water Si readily dissolves from the glass (due to the high solubility of Si at high pH, see 
Chapter 2) to form an amorphous silica gel. At this time, alkali /alkaline earth cations in solution 
are able to move into the gel through the open pore network (which is promoted by negative 
electrostatic forces acting on silica spheres, due to the high pH51) to charge compensate the 
negative species such as [SiOH]3, [Si(OH)2]2- and [AlO4]-. There is a preferential order for the 
cations moving into the gel based on the hydration sphere and charge of the ion: 
K+ > Na+ > Ca2+ > Mg2+ (Figure 8.1) as discussed in Chapter 4. Geisler’s model identifies Si 
aggregation resulting in the formation of a reaction rim, which restricts transport of soluble 
species.  
Finally, in cement waters, due to the availability of Ca or alternative alkali/alkaline earth species, 
the precipitation of secondary phases like C-S-H or alkali-silicate hydrates, phyllosilicates and 
smectite clays are likely. The presence of Mg and Al can facilitate the development of zeolitic 
phases i.e. double layered hydroxides observed in this work.  
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Figure 8.1 Schematic outline of a proposed glass dissolution-silica reprecipitation process in hyper-alkaline 
solutions based on Geisler’s model (2015). 
 
Natural analogues are used by many researchers investigating the long term durability of waste 
glasses for geological disposal, because the glasses found in nature have been exposed to varying 
chemical conditions and weathering for extended periods of time. Such studies can aid predictions 
of the durability of waste glasses. The Peak District has a long history of calcite mining210, and as 
such the ground water passing through limestone results in high pH Ca-rich effluents211. Working 
in collaboration with the British Geological Survey, a disused railway tunnel in the Peak District 
is home to a natural analogue study designed to investigate how simulant nuclear waste glasses 




Although this work has sought to add to the knowledge of glass dissolution in high pH 
environments, there are still many questions to be answered, as detailed below. 
8.1. Future Work 
The nature of cement leachates gives rise to mixed alkali/alkaline earth solutions that buffer to 
high pH. In this thesis, it has not been possible to discern the individual effects of high pH and 
cation incorporation in the silica gel layer on the development of porosity and the enhancement 
of the dissolution rate, but it is evident from the work presented in Chapters 4 and 5 that both play 
a significant role in maintaining an open pore network through which solution and glass species 
can be transported. Additionally the effects that mixed alkali and alkaline earth cations have on 
glass dissolution could be investigated more thoroughly to understand the influence that a certain 
cation may have on the rate of dissolution and durability of alteration layers. A simple experiment 
whereby the cation in solution is changed to determine its effect on gel density using high 
resolution TEM and spectroscopic ellipsometry would be feasible.  
Numerous authors in the literature (Backhouse70 and Utton59) allude to boron incorporation in the 
alteration layer: in Chapters 4, 6, and 7 the NLB and NLLi followed similar trends; however Li was 
released more rapidly into solution than B, again alluding that B is being incorporated into 
alteration layers. A systematic study into B retention in alteration layers in hyper-alkaline 
solutions could provide evidence that suggests B is not a suitable tracer element in hyper-alkaline 
solutions. 
Chapter 6 investigated the impact of an evolving leachate on the alteration layer formation. 
Greater information could be gained by conducting the experiment with a greater number of time 
points, to observe the potential retreat of alteration layers when fresh leachate was added and the 
gradual growth as the solution became saturated (does this process result in rate resumption 
followed by a rate drop when the solution becomes saturated again?). Additionally, with a greater 








Appendix I.  
Introduction 
A collaboration between the University of Sheffield and the British Geological Survey began in 
2015, the aim of the collaboration was to study glass samples that had been exposed to Ca-rich 
leachate in a cave in the Peak District (known as Peak Dale Tunnel) for approximately 50 years, 
these samples have the potential to provide information on how glass behaves in a high pH Ca-rich 
environment over much longer time scales than laboratory experiments. In addition to studying 
glasses found in the tunnel, a natural analogue study was prepared, the experimental set up is 
outlined in MRS Advances 2017 paper. Supplementary information has been provided on the 
glass samples for implementation. 
The MRS Advances 2018 paper outlines a study conducted on soda lime silicate glass of the same 
composition as a glass found in the Peak Dale tunnel comparing synthetic young cement water 
with added Ca and saturated Ca(OH)2, these solutions are used to mimic a high pH Ca-rich 
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Abstract 
This study details the characterization of a glass sample exposed to hyperalkaline water and 
calcium-rich sediment for an extended time period (estimated as 2 - 70 years) at a lime (CaO) 
waste site in the UK. We introduce this site, known as Peak Dale, in reference to its use as a 
natural analogue for nuclear waste glass dissolution in the high pH environment of a cementitious 
engineered barrier of a geological disposal facility. In particular, a preliminary assessment of 
alteration layer chemistry and morphology is described and the initiation of a long-term durability 
assessment is outlined. 
 
Introduction 
Owing to a long history of encapsulation of radioactive wastes in cementitious materials, the 
proposed geological disposal facility (GDF) of the UK will most likely incorporate a significant 
volume of cement. In addition to 450,000 m3 of cement-encapsulated waste [1], the facility may 
also use a cementitious backfill as part of the engineered barrier, which will be optimised to 
physically and chemically impede the transport of radionuclides to the biosphere [2]. Over 
geological time scales, groundwater will interact with the cementitious components of the facility 
resulting in high pH conditions in the repository [3]. Should vitrified intermediate level waste be 
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placed in this environment, an understanding of the effect of cement leachates on the longevity 
of glass is required.  
 
We describe a new natural analogue site for long-term glass durability assessment in high 
pH, cement-like leachates, including a preliminary assessment of the physical and chemical 
conditions and their effects on glass samples recovered from the site. 
 
Methodology 
Site and sample description 
The Peak Dale Tunnel site is a disused railway tunnel, constructed in the early 20th century, to 
link the Peak Dale limestone quarry to its associated limekilns. The waste produced from the 
limekilns is distributed in a thick layer (1 – 2 m) of lime (CaO) over the soil and bedrock of the 
surrounding area [4]. This has seeped through to the tunnel below, creating a naturally 
hyperalkaline ground water and Ca-rich sediment. Access to the tunnel was restricted to the public 
when a locked gate barred the entrance. A number of glass bottles were found to be exposed to 
these high pH conditions for an estimated period of time between 2 and 70 years, four samples 
are being examined due to their varying compositions and large proportions of the bottle remains 
intact. 
 
Site characterization  
The tunnel has a stable temperature ranging from 8 – 9 ± 0.5 oC [4]. A sample of sediment was 
taken from a depth of 1 - 4 cm and dried in air prior to sieving to a particle size of < 75 μm for X-
ray diffraction (XRD) analysis. XRD data were acquired using a Bruker D2 Phaser, with Cu Kα 
radiation, from 5° < 2θ < 70° with a step size of 0.01°. The X-ray tube settings were 30 kV and 
10  mA. 
 
The water level in the tunnel varies throughout the year, but the back of the tunnel is flooded 
permanently to a depth of 1-1.5 m2. Alkaline ground water was sampled from standing water at 
two locations in the tunnel; the first is periodically subject to complete evaporation (referred to 
herein as the “beach”), and the second is a deep central pond. Samples were filtered (0.22 μm), 
acidified with nitric acid and analysed for major elemental content using Inductively Coupled 
Plasma-Optical Emission Spectroscopy (ICP-OES) analysis (Thermofisher, iCAP Duo).  
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 Glass sampling, preparation and analysis  
The glass samples found at the site were removed from beneath the sediment. In the laboratory, 
glass samples were air dried then sectioned using a diamond slow saw. Compositional analysis 
via acid digest and ICP will be determined for all glass samples found at the site, samples were 
prepared for Scanning Electron Microscopy (SEM) by mounting in epoxy resin and grinding the 
cross-sectional surface on silicon carbide paper (P600, 800 and 1200, respectively), followed by 
polishing using diamond suspension 6, 3 and 1 µm. The sample was carbon coated prior to 
inspection on the SEM. Imaging was performed using an FEI Quanta 200 F SEM with EDX using 
an accelerating voltage of 20 kV and a working distance of 10 mm. 
 
Results and discussion  
Figure 1 shows the location of the Peak dale site in the UK (Fig 1a), and the tunnel is shown in 
Fig. 1b. The stalactites and stalagmites demonstrate the propensity for lime waste leaching into 
the tunnel from above.   
Figure 1 (a) Map of the UK with the location of the Peak Dale Tunnel; (b) photograph of the Peak Dale tunnel. 
  
Analysis of the tunnel sediment by XRD (Figure 2) revealed a composition of calcite (CaCO3), 
which is formed when the hydrated limewaste (Ca(OH)2) is in equilibrium with atmospheric 
CO2(g). This is a major difference between this natural analogue site and a GDF, as there will be 
no atmospheric CO2. However, low concentrations of CO3(aq) will be present in the GDF ground 
water[5], albeit at a much lower concentration than at the Peak Dale site. 
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Figure 2. X-ray diffraction pattern of sediment from the central pond in the Peak Dale tunnel. 
   
The pH of the water was measured as pH 12.79 ± 0.5. Table I. shows the analysed concentration 
of major elements in the two sample locations within the tunnel. For comparison, the composition 
of three synthetic cement waters are shown. Hyperalkaline cement water will evolve, from an 
initial potassium rich leachate (pH~13) represented here by young cement water, to a Ca-OH fluid 
(pH 10 - 12.5) buffered by the dissolution of portlandite (Ca(OH2)). Subsequent dissolution of 
calcium silicate hydrate phases, represented here by the evolved cement water, will occur and 
finally an old cement water, with a similar composition to ground water will be present in the 
GDF [6,7]. The Na value from the central pond at Peak Dale is anomalously high when compared 
to the value from the beach, which is attributed to grit salt on the nearby roads. The water sample 
from the beach is comparable to the synthetic evolved cement water, given its low K 
concentrations and alkalinity being governed by Ca and Na hydroxides. 
Table I. Elemental concentration (mg L-1) of standing water from the Peak Dale site, compared with synthetic 
formulations of cementitious ground waters. Errors stated are based on the standard deviation across the range 
of measurements. 
Element 











Al 0.76 ± 0.02 0.06 ± 0.02 - 0.09 ± 0.06 0.01 ± 0.04 
Ca 34.82 ± 0.09 332.50 ± 0.76 15.24 ± 0.74 503.53 ± 3.48 33.58 ± 3.41 
K 22.61 ± 0.08 19.93 ± 0.03 9415.67 ± 18.50 6.72 ± 0.29 0.44 ± 0.75 
Na 1027.31 ± 0.72 421.80 ± 0.47 1595.33 ± 6.85 373.47 ± 10.90 105.67 ± 3.47 
S 35.23 ± 0.08 286.20 ± 0.47 35.88 ± 0.49 0.14 ± 0.015 2.75 ± 0.32 
Si 8.53 ± 0.04 8.61 ± 0.05 0.05 ± 0.02 0.19 ± 0.07 0.02 ± 0.01 
 
 





































































The sediment layers and surface morphology of one of the glass samples recovered from the Peak 
Dale tunnel are shown in Figure 3. A thick (1.0 ± 0.1 mm) layer was observed on the surface of 
the glass (Fig. 3a), which was banded; this is postulated to be due to repeated wetting and drying 
as the water level in the tunnel fluctuates throughout the year. The elemental map shown in Figure 
3b indicates that these layers are rich in calcium, which is in good agreement with the presence 
of high quantities of calcite in the sediment (Fig. 2). It is therefore likely that the mineral phase 
present in the alteration layer is also calcite (CaCO3).  
Figure 3. Scanning electron micrographs of a glass sample from the Peak Dale tunnel: (a) BSE image of the 
alteration layer; (b) elemental mapping showing distribution of Ca and Si and (c), iron (d) BSE image, showing 
chemiturbation channels at the interface between the sediment on the surface and bulk of the glass. 
 
 
The main source of iron in the Peak Dale tunnel is from the remnants of steel cables that are now 
severely corroded. This has been sequestered at the interface between the glass and the alteration 
layer, as shown in Figure 3d. It is also observed in pores in the banded regions of the alteration 
layer. Canister corrosion will result in the accumulation of iron in a GDF; it has been shown that 
the presence of iron corrosion products can affect the initial stage of glass alteration. Silica can 
sorb to iron corrosion products, retarding the formation of a silica gel layer on the surface of the 
glass [8]. It is also been shown that silica precipitates on magnetite (Fe3O4) and Fe-silicates in the 
surroundings or within the porous gel layer if iron rich compounds are present [9]. The presence 
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of iron in the tunnel allows investigation into how iron will affect the dissolution of simulant UK 
nuclear waste glasses. 
 
Figure 3d shows chemiturbation channels < 200 μm in length. This inward corrosion originates 
from the surface of the glass and proceeds towards the bulk. The origin of these channels is not 
yet understood, however, potential causes may be: damage to the glass surface, exposing regions 
of tensile stress that corrode more rapidly than the surrounding areas; repeat wetting and drying 
resulting from seasonal changes in the water levels; and morphological features that are, in 
essence, high energy sites that promote dissolution. Further work is underway to determine the 
origin of these features.  
 
Future use of the Peak Dale tunnel as a natural analogue for understanding long-term glass 
dissolution 
The conditions at the Peak Dale site are suitable for conducting a long term natural analogue 
study; a hyperalkaline environment with ground water that is comparable in composition to an 
evolved cement leachate. In addition, a steady all year round temperature and sufficient water 
levels will allow the submersion of glass samples for an extended time period of up to 10 years.  
 
The following vitrified waste simulants will be placed within a bespoke sample holder (Figure 
4a-c) and immersed within the tunnel water: the International Simple Glass (ISG); UK Magnox 
waste glass (MW25); vitrified UK plutonium contaminated material (PCM); prototype vitrified 
ion exchange resin waste; a laboratory borosilicate waste simulant (LBS); SON68 and a re-melted 
composition of one of the glass bottles originally found in the tunnel. 
 
Samples will be removed at 1, 3, 5 and 10 years, and alteration layers will be characterized by 
SEM/EDX, glancing incidence XRD, Time of Flight Secondary Ion Mass Spectrometry (TOF-
SIMS) and Transmission Electron Microscopy (TEM). This will develop our current knowledge 
of the chemical composition of alteration layers within this hyperalkaline environment and aid 




Figure 4. Schematic of sample holder (a) top and bottom plate 5mm thick PTFE used to 
sandwich glass samples (b) middle plate 1mm thick PTFE, holds glass samples in position (c) 





The Peak Dale site has provided glass samples with significant alteration layers due to an extended 
exposure in hyperalkaline ground water and Ca-rich sediment, the composition of which is similar 
to evolved cement water that will occur within a GDF over geological time scales. The presence 
of chemiturbation channels at the surface of the glass sample require further research to 
understand how they develop, and to quantify their effect on the long term durability of glass 
wasteforms. The site is suitable for a long term durability study investigating simulant nuclear 
waste glasses relevant to the UK disposal scenario in the natural environment despite the presence 
of air and a temperature of ~ 9 oC. The results generated from this study will provide information 
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Supplementary Glass Information Prior to Implementation  
Materials and Methods 
Vitrification 
Glass compositions taken from the literature for UK simulant nuclear wastes glasses are outlined 
below: 
MW-25%: this glass was developed as a simulant for the UK’s vitrified HLW. It consists of an 
alkali borosilicate bass glass (MW) containing Zr and loaded with 25 wt % simulant waste rich 
in Mg and Al from the historic Magnox reactors. The frit (H0023/1 Ca/Zn ½ Li) and calcine 
(WRW17, contains Ru & Li)) was provided by NLL (Mike Harrison) and mixed prior to melting 
at the University of Sheffield. 
LBS: Laboratory borosilicate glass was developed at the University of Sheffield to simulate ILW 
waste generated from the SIXSEP plant at Sellafield, the composition was developed by Bingham 
et al (2009) 212 and used by Utton et al 75.  
The oxide precursors for LBS were mixed in a plastic bag prior to the melt, it is worth noting that 
the melting glass rose and bubbled significantly (don’t over fill the crucible), the melt was fluid 
at 1000 oC.  
Clino: Cs exchanged clinoptilolite-sand was mixed with glass forming reagents to make a glass 
with a reduced melting temperature to diminish the volatilisation of Cs from the wasteform. The 
formulation was developed by Jack Clarke at the University of Sheffield. 
Clinoptilolite-sand was washed 3 times with de-ionised water and dried overnight at 90 oC. A 
0.25M solution of CsCl was prepared and the dry clinoptilolite added, the mixture was agitated 
overnight, after filtration, the clinoptilolite was dried overnight at 90 oC, and the final product was 
a Cs-exchanged clinoptilolite-sand. 56.22 wt% Cs-exchanges clino was mixed with 43.78 wt% 
Borax anhydrous to make the glass batch. 
PCM: Plutonium contaminated material was mixed with plastic, mortar and metal in addition to 
glass forming reagents and melted to produce a phase separated glass, the original glass was made 
my Luke Boast213,214 in an alumna crucible of which the glass was smashed out of. The fragments 
of PCM glass were re-melted and cast into a block. 
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Bottle glass (BGS-1): A fragment of glass bottle found in the Peak Dale tunnel was crushed for 
elemental analysis by acid digest and ICP-OES. The composition was utilised to re-make the 
historic glass, for dissolution experiments and implementation in the Peak Dale tunnel.   
The oxide and carbonate precursors were mixed in a plastic sample bag by hand for ~ 10 minutes, 
prior to filling on the preheated crucible.  
Table 3. 18 Melt conditions for vitrified glasses  
Glass MW-25% LBS Clino PCM BGS-1 
Melt Temp, oC 1050 1200 1150 1050 1200 
Melt Duration, hrs 4 4 4 4 3 
Cooling Rate, oC min-1 1 1 1 1 1 
Anneal. Temp, oC 500 450 515 500 515 
Anneal. Duration, h 1 1 1 1 1 
Furnace Type Electric  Electric Electric Electric Electric 
Stirred  Yes Yes Yes Yes Yes 
Crucible Material Alumina Alumina Platinum Alumina Platinum 
 
 
Table 2. Glass compositions wt% values taken from ICP-OES analysis of original samples  
 
 MW LBS ISG Clino PCM BGS-1 
SiO2 39.12 47.92 56.2 42.74 54.85 71.37 
B2O3 19.4 9.62 17.3 43.78 ? - 
Na2O 6.84 12.94 12.2 1.74 6.02 17.49 
Li2O 3.2 3.9 - - - - 
GdO3 - - - - - - 
ZrO2 1.02 0.67 3.3 - <0.05 0.03 
MoO3 0.89 0.52 - - - - 
Al2O3 8.13 6.85 6.1 7.36 11.7 0.49 
Fe2O3 2.38 10.24 - 0.67 17.65 0.12 
Nd2O3 1.38 - - - - - 
Cs2O 0.88 0.69 - 0.56 - - 
MgO 3.57 3.71 - 0.39 0.86 0.06 
CeO2 1.01 0.36 - - - 0.55 
BaO 0.27 0.11 - 0.06 0.31 0.01 
La2O3 0.52 1.53 - - - - 
RuO2 0.63 - - - - - 
Pr2O3 0.24 - - - - - 
SrO 0.22 0.13 - 0.28 <0.05 - 
NiO 0.4 0.05 - - - - 
Sm2O3 0.25 - - - - - 
Y2O3 0.14 - - - - 0.02 
CaO 4.52 0.45 5 1.18 7.07 9.08 
K2O 0.01 0.15 - 1.07 0.48 0.34 
V2O5 - - - - <0.05 - 
Cr2O3 0.41 0.01 - - 0.13 0.01 
SO3 0.08 0.13 - 0.06 - 0.22 
TiO2 0.01 0.01 - 0.11 - 0.04 
Cu2O 0.02 0.02 - - - 0.04 
ZnO 4.2 0.01 - - - 0.03 
As2O3 - - - - - 0.1 
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Dissolution of glass in cementitious solutions: An analogue study for vitrified waste disposal 
Colleen Mann1, Tjin Le Hoh1, Clare L. Thorpe1, and Claire L. Corkhill1 
1NucleUS Immobilisation Science Laboratory, Department of Materials Science and 
Engineering, The University of Sheffield, Sheffield, United Kingdom, S1 3JD. 
The dissolution of a soda-lime silicate glass in two cement leachate compositions, Young Cement 
Water (YCW) and Ca(OH)2, was investigated, as an analogue for dissolution of vitrified nuclear 
waste in a cementitious geological disposal facility. Dissolution was performed at repository 
temperatures (50 °C) and under CO2-exclusion. Dissolution rates were observed to be a factor of 
20 times higher in YCW than in Ca(OH)2, as result of the high potassium content of YCW 
solutions. The precipitation of the zeolite phase, K-phillipsite (K(Si,Al)8O16·6H2O), is thought to 
be responsible for elevated dissolution rates. Conversely, in Ca(OH)2 solutions, the precipitation 
of calcium- and silica-containing phases, such as tobermorite (Ca5Si6O16(OH)·4H2O), acted to 
reduce rates of dissolution by forming a barrier to diffusion. These results show that dissolution 
of vitrified nuclear waste materials in a cementitious repository may be significant during the 
early stages of cement leaching in groundwater. 
 
Introduction 
In the designs of several geological disposal facilities for nuclear waste, cement will feature as a 
key material in construction. In the UK and Belgium, it may also be used as a layer of containment 
within the engineered barrier; in the UK this may be as a backfill to surround canisters of 
cementitious and vitrified intermediate level waste [1], and in Belgium, cement will be used in 
the supercontainer concept for vitrified high level waste [2]. When groundwater interacts with 
these cementitious materials, it will be buffered to high pH values; initially these values will be 
> pH 13 due to the dissolution of alkali elements (Na, K), but the pH will continue to fall with the 
subsequent dissolution of portlandite (Ca(OH)2, pH ~ 12) and, eventually, calcium silicate 
hydrates (C-S-H, pH ~ 10) [1]. The key mechanisms of glass corrosion are known to be influenced 
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by high pH environments due to enhanced solubility of Si and other sparingly soluble elements 
such as Al and Zr [3 - 5]; the result is enhanced dissolution rates, undesirable for the disposal of 
vitrified radioactive wastes in a geological disposal facility. However, the presence of elevated 
concentrations of Ca, resulting from the dissolution of Ca(OH)2 in cement by groundwater, have 
been shown to improve the durability of vitrified nuclear waste, through the formation of a thick 
Ca-silicate gel and precipitates of C-S-H, which act as a barrier to diffusion of water and glass 
elements during dissolution [e.g.4, 6-9].  
Despite detailed investigations of simulant nuclear waste glass at high pH in simplified solutions, 
e.g. KOH and NaOH, few investigations have focused on the effect of cement leachates, which 
are more complex in chemistry than these simplified solutions [10, 11]. Using a simplified soda-
lime-silicate glass, we present results from a comparative study of glass dissolution in solutions 
representative of early cement leaching (Young Cement Water (YCW)) and intermediate 
timescales of cement leaching (Ca(OH)2). 
 
Methodology 
Samples of glass have been retrieved from the Peak Dale Tunnel (UK, Fig. 1a). Owing to its high 
pH and Ca(OH)2-dominated groundwater, this site is being utilised as a natural analogue site for 
dissolution of glass in high pH, Ca-rich solutions [12]. In this study, we replicated the glass 
composition of one of the soda-lime-silicate glasses thought to have been present in the tunnel for 
>50 years, to develop an understanding of its dissolution in cementitious leachates. Further 
investigation of the dissolution of this glass in the tunnel environment is discussed elsewhere [13]. 
 
A portion of a soda-lime silicate glass bottle retrieved from the Peak Dale Tunnel (Figure 1) was 
cleaned using 6% acetic acid for 7 hours to remove the CaCO3 mud on the surface, and analysed 
by X-ray Fluorescence Spectroscopy (PANalytical Zetium with a Rh Xray source). Based on this 
analysis (Table 1), a glass was batched for use in dissolution experiments. The glass was melted 
at 1200 °C for 4 h in a platinum crucible, cast into a block and annealed at 515 °C for 1 h. Analysis 




Figure 1. Peak Dale Tunnel (UK) is used as a natural analogue location for high pH, Ca-mediated glass dissolution 
[12], (a) the stalactites and stalagmites formed by seepage of water through lime waste above the tunnel; (b) glass 
bottle retrieved from tunnel, coated in CaCO3 mud after >50 years exposure to high pH conditions; (c) cleaned bottle 
fragment for compositional analysis. 
 
 
Table 1. Composition of the Peak Dale Tunnel glass (mol%), as measured by XRF. 
Oxide Al2O3 As2O3 CaO CeO2 CuO Fe2O3 Na2O SO3 SiO2 Total 




The glass was crushed and sieved to a 75 – 150 μm particle size, prior to washing according to 
ASTM C1285 (the Product Consistency Test, PCT [14]). The density of the powders was 
determined using helium pycnometry (Micromeritics AccuPyc II 1340) to be 2.64 ± 0.001 g cm-3. 
Dissolution experiments were performed according to the PCT-B methodology [14], using 10 mL 
of either Young Cement Water (YCW) or Ca(OH)2. YCW with added Ca was prepared according 
to Ferrand et al. [10], with a target composition stated in Table 2. A solution of 0.1 M Ca(OH)2 
was prepared by suspending Ca(OH)2 (99.9%, Sigma Aldrich) in de-aerated ultra-high quality 
water (18 MK) and agitating vigorously. Both solutions were prepared in an inert gas glove box 
to prevent carbonation. 
Table 2. Target composition of Young Cement Water, representative of the early stages of cement dissolution 
Element Na K Ca Al Si So4
2- CO3
2- 





Solutions were filtered (0.22 μm) and placed in Teflon vessels, prior to the addition of crushed 
glass powder, at a SA geo/V ratio of 1200 m-1. Vessels were placed in an oven at 50 ± 2 °C under 
flowing nitrogen gas (to prevent carbonation) and sacrificially removed at 1, 3, 7, 14, 21 and 
28 days. Each time point was performed in triplicate, with duplicate blanks. At each sampling 
interval, solutions were removed (within an inert atmosphere glove box), filtered using a 0.22 μm 
filter, and the pH was measured. Acidification with 10 μL of concentrated, ultrapure nitric acid 
(69%) was performed prior to analysis by Inductively Coupled Plasma-Optical Emission 
Spectroscopy (ICP-OES, Thermofisher iCAPduo6300) to determine the concentration of 
dissolved elements. The resulting solution chemistry was modelled with the PHREEQC 
geochemical modelling package, using the LLNL database. 
 
The normalised mass loss of element i, NLi (g m-2), was calculated according to Eqn. 1, where 
Ci is the concentration of element, i, in solution (g cm-3), Ci,b is the concentration of element, i, 
in the blank (g cm-3), fi is the mass fraction of element, i, in the glass (unitless), and SA/V is the 
surface area to volume ratio (m-1). 








After dissolution, glass powders were dried and analysed by X-Ray Diffraction (XRD, Bruker D2 
Phaser), utilising a Cu Kα source, between 10° > 2θ < 70° at a step size of 0.02 ° per second, to 
identify any crystalline alteration layer phases. Powders were then mounted in epoxy resin, 
ground and polished to a 1 μm finish and examined by Scanning Electron Microscopy (SEM, 




The measured pH of each solution did not significantly deviate throughout the course of the 
experiments; the starting and finishing pH for Ca(OH)2 experiments was 13.0 ± 0.1, while the 
starting and finishing pH for YCW experiments was 13.7 ± 0.1 and 13.5 ± 0.1, respectively. The 
normalised mass loss (NLi) of major detectable elements is shown in Figure 2. Despite its 
presence in the glass, it was not possible to calculate the NLCa, due to a rapid uptake of Ca by the 





Despite the similarity in pH of the solutions, for all elements analysed, the NLi was greater in the 
YCW solution than in the presence of Ca(OH)2; for example, the NLi at 28 d was 3.5 times greater 
for Na, and ~20 times greater for Si, Al and S, in YCW than Ca(OH)2. The corresponding 
dissolution rate of Si, measured between 1 d and 28 d, was 0.092 ± 0.002 g m-2 d-1 in Ca(OH)2 
and 1.862 ± 0.500 g m-2 d-1 in YCW. In both solutions, the concentration of Ca rapidly decreased 
(Fig. 2e) and, in the YCW solution, the concentration of K also decreased significantly between 
0 and 3 days of dissolution (Fig. 2f). The concentration of these elements in the blank solutions 
did not decrease (data not shown), indicating that in the presence of glass, formation of Ca- or K-
containing alteration layers occurred. 
 
Alteration layer analysis 
Glass samples exposed to solutions of YCW for 28 days demonstrated a thick (~20 μm) alteration 
layer, with a complex, layered morphology (Figure 3a). The inner layer (closest to the glass 
surface) was rich in K and Si, with some Al present, while the outer layer was rich in Si, K and 
Ca, with a minor quantity of Al. The presence of K is concurrent with the rapid decrease of this 
element in solution (Fig. 2f). XRD analysis (Figure 3b) shows that the composition of the 
alteration layer changed with time. A large region of diffuse scattering was observed, with a 
number of diffraction peaks. Due to the pseudo-crystalline nature of the material, it was difficult 
to identify these peaks with confidence, however at earlier time points (3 and 7 days), the peaks 
were consistent with the presence of phillipsite-K, a zeolite with nominal composition 
K(Si,Al)8O166H2O (labelled P, Fig. 3b), and tobermorite (nominal formula of 
Ca5Si6O16(OH)·4H2O, labelled T, Fig. 3b). At 21 days, the peak relating to tobermorite was 
observed to increase in intensity, concurrent with the outer layer of Ca and Si-rich precipitates 
observed on the surface of the glass by SEM / EDS. These phases were also identified as being 





Figure 2. Normalised mass loss of (a) Na; (b) Si; (c) Al and (d) S; and solution concentrations of (e) Ca; and (f) K. 
 
Figure 3c shows the SEM / EDS images for particles of glass exposed to Ca(OH)2 solution for 
28 days. These demonstrated a thin alteration layer, less than 1 μm thick, composed of Si and Ca 
only. In addition to this layer, there were several Ca- and Si containing precipitates observed, 
which may have become detached from the particles during drying and preparation for imaging. 
XRD analysis performed after 3, 7 and 21 days of dissolution revealed the presence of a two 
regions of diffuse scattering (Figure 3d); based on XRD of the pristine material (data not shown) 
one of these regions may be attributed to the glass, while the other may result from a Ca-Si gel, 
formed as a result of silica-gel reorganisation upon dissolution, as observed in previous studies 
[e.g. 4, 9]. Intense diffraction peaks were indexed as tobermorite (labelled T); this phase was also 




Figure 3. Analysis of glass powders leached in YCW was performed by (a) SEM / EDS after 28 days; and (b) XRD at 
three time points. Analysis of glass powders leached in Ca(OH)2 was performed by (c) SEM / EDS after 28 days; 
and (d) XRD at three time points. Major peaks only are indexed on XRD figures, where P = K-phillipsite, and 





Comparison of the dissolution of the analogue glass originating from the Peak Dale Tunnel in 
Ca(OH)2 and YCW solutions, revealed that dissolution was more rapid in YCW, despite both 
solutions having similar pH throughout the experiment. Young Cement Water, representative of 
the initial leaching of cement by groundwater, contains high concentrations of alkali elements. 
Most notably, the presence of elevated concentrations of K seemed to underpin the large 
difference in dissolution between the two solutions, as evidenced by the precipitation of 
phillipsite-K. The dissolution rate was an order of magnitude greater in the presence of YCW than 
Ca(OH)2. The difference in dissolution is likely to arise from the following processes: i) in the 
initial stages of dissolution, the removal of Si from solution to form phillipsite-K results in local 
under saturation of Si in the solution at the glass surface; this drives further Si release to maintain 
255 
 
thermodynamic (quasi-) equilibrium, thus increasing the dissolution rate; and ii) despite no further 
removal of K from solution, the dissolution rate of the glass remains high. We hypothesise that 
the alkali-silica gel layer formed on the surface of the glass (e.g. Fig. 3a) must be porous, in 
accordance with the known behaviour of silica gels [15], and other borosilicate glass alteration 
layers [10] at high pH, thus allowing the free diffusion of species from the glass to the solution 
(and vice versa). Conversely in Ca(OH)2 solution, the presence of a Ca-Si rich layer on the surface 
of the glass leached in Ca(OH)2, including precipitates of crystalline tobermorite, acts as a 
diffusion barrier to dissolution, thus lowering the dissolution rate. 
 
The presence of zeolite phases, like K-phillipsite, has been postulated as being a pre-cursor for 
the resumption of glass dissolution in the so-called “Stage III” of glass dissolution [16, 17]. 
Further work, of longer time duration, is required to ascertain the role of this phase in the long-
term dissolution of vitrified materials. 
 
Conclusions 
The dissolution of glass was found to occur up to 20 times faster in cement solutions 
representative of early cement leaching, compared with solutions representative of cement 
leaching at intermediate timescales. Due to the presence of high concentrations of alkali elements, 
particularly K, a K-bearing zeolite was precipitated, which may significantly influence the long-
term behaviour of glass in a cementitious repository. Further work is currently underway, using 
nuclear waste simulant glasses representative of the UK high level waste inventory, to ascertain 
the dissolution mechanisms when a glass is transferred in a sequence of ‘evolved’ and ‘old’ 
cement waters, and then to groundwater. Further work on the dissolution of >50 year old samples 
of soda-lime-silicate glass in the Peak Dale Tunnel will be presented in a forthcoming publication. 
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Appendix II.  
Concentration of elements as determined by ICP-OES  in synthetic cement waters used in Chapters 4, 5 and 6 
Table 3.7 
  Young Cement Water  Young Cement Water + Ca Evolved Cement Water Old  Cement Water  
Element Concentration, mg L-1 as determined by ICP-OES 
  pH(RT) 13.50 ± 0.43 pH(RT) 13.01 ± 0.48 pH(RT) 12.30 ± 0.50 pH(RT) 11.56± 0.26 
Ca - 1.81 ± 1.11 290 ± 37 3.66 ± 0.18 
Na 2900 ± 850 2900 ± 500 212 ± 22 65 ± 14 
K 9000 ± 3000 9000± 600 - - 
Al - - 0.60 ± 0.48 0.24 ± 0.01 
Si - - 4.35 ± 2.63  - 
Mg - - 0.15 ± 0.05  - 
Fe - 3.26 ± 1.36 - - 




















Concentration of elements as determine by ICP-OES in 
cement equilibrated waters used in Chapter 7  
Table 3.14 
Element NRVB BFS:PC 
  Concentration, mg L-1 
  pH(RT) 12.65 ± 0.2 pH(RT) 12.59 ± 0.2 
Ca 766 ± 59 487 ± 28 
Na 13 ± 10 43 ± 6 
K 36 ± 5 74 ± 7 
Al 0.08 ± 0.2 1.96 ± 0.7 
Si 1.79 ± 1.4 0.34 ± 1.4 
Mg 16 ± 9. * 0.30 ± 0.2 
Fe 1.57 ± 0.7 1.67 ± 1.4 
S 10 ± 7 13.5 ± 1.5 
*CaCO3 0.88  0.88 
*Mg conc = 0 day 1-42, day 56 onwards ~ 20 mg L-1 
*CaCO3 conc= calculated based on the dissolution of calcite in the 
hardened cement pastes using PHREEQC 
 
Glass compositions of MW25, LBS and ISG used 
throughout this thesis as determined by ICP-OES/MS 
Table 3.2 
  MW25 LBS ISG 
  wt% mol% wt% mol% wt% mol% 
SiO2 39.12 43.08 47.92 52.14 56.20 60.10 
B2O3 19.40 18.43 9.62 9.03 17.30 15.97 
Na2O 6.84 7.31 12.94 13.65 12.20 12.65 
Li2O 3.20 7.08 3.90 8.54 - - 
ZrO2 1.02 0.55 0.67 0.35 3.30 1.72 
MoO3 0.90 0.41 0.52 0.24 - - 
Al2O3 8.13 5.28 6.85 4.39 6.10 3.84 
Fe2O3 2.38 0.99 10.25 4.20 - - 
Nd2O3 1.38 0.27 - - - - 
Cs2O 0.88 0.21 0.69 0.16 - - 
MgO 3.57 5.86 3.71 6.02 - - 
CeO2 1.01 0.20 0.36 0.07 - - 
BaO 0.27 0.12 0.11 0.05 - - 
La2O3 0.52 0.11 1.53 0.31 - - 
RuO2 0.63 0.36 0.00 0.00 - - 
Pr2O3 0.24 0.05 - - - - 
SrO 0.23 0.15 0.13 0.08 - - 
NiO 0.40 0.36 0.05 0.05 - - 
Sm2O3 0.25 0.05 - - - - 
Y2O3 0.14 0.04 - - - - 
CaO 4.52 5.33 0.45 0.52 5.00 5.73 
K2O 0.01 0.00 0.15 0.10 - - 
Cr2O3 0.41 0.18 0.01 0.01 - - 
SO3 0.08 0.07 0.02 0.02 - - 
TiO2 0.01 0.01 0.01 0.01 - - 
Cu2O 0.02 0.02 0.02 0.01 - - 
ZnO 4.20 3.42 0.01 0.01 - - 
Total 99.74 99.89 99.95 99.96 100.10 100.00 
 
 
Concentration of elements as determined by ICP-OES 
in granitic groundwater used in Chapter 6 
 Table 3.9 
Granitic Ground Water 
Element Concentration, mg L-1 
  pH(RT) 8.83 ± 0.34 
Ca 24.12 ± 0 .08 
Na 63.67 ± 2.56  
K 12.90 ± 0.54  
Al - 
Si 5.17 ± 0.94  
Mg 6.00 ± 0.19  
Fe 1.14 ± 0.05  
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